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Chronic non-healing wounds represent not only a health problem but also a financial challenge 
for the global population. Appropriate oxygen supply is a fundamental issue in tissue engineering. The 
initial hypoxic condition triggers pro-regenerative cascade reactions, which promotes angiogenesis 
and extracellular matrix deposition, which are key for the generation of new tissue. Nevertheless, 
chronic hypoxia may cause apoptosis and, thus, wound healing impairment.   
To target this unmet clinical need, our group developed a novel treatment that proposed the 
use of the photosynthetic organisms Chlamydomonas reinhardtii in biomedical applications. This 
approach, named HULK (from the German Hypoxie Unter Licht Konditionierung), aimed at providing a 
treatment option for several conditions related to acute and chronic tissue hypoxia, which directly 
affect the wound healing process. Moreover, we proposed the development of transgenic microalgae 
to produce recombinant human therapeutics proteins, given their many advantages compared to 
other less safe or less efficient organisms used as biotechnological platforms.  
The first examples of transgenic Chlamydomonas strains were capable of simultaneous oxygen 
production through the local induction of photosynthesis and the constant release of human vascular 
endothelial growth factor A (hVEGF-165), human platelet-derived growth factor B (hPDGF-B) and 
stromal cell-derived factor 1 (hSDF-1). However, significant differences in the expression level of each 
recombinant protein evidenced the need to optimize the experimental design to obtain transgenic 
algae. 
The main idea behind this doctoral thesis is to explore diverse strategies to improve and 
increase the potential of an established microalgae-based biotechnological platform, which may be 
used to expand the catalog of recombinant transgenic proteins expressed in C. reinhardtii and make 
them available for future biotechnological approaches. In the first stage of this work, new C. reinhardtii 
strains expressing hVEGF-165 were created. Two algae strains of different genetic backgrounds were 
transformed, two expression vectors using different promoters and secretion signal peptides, and 
purification tags to find an optimized strategy that would lead to the highest recombinant protein 
yield. In the second stage, the best conditions found to increase hVEGF-165 expression levels were 
evaluated for hPDGF-B, hSDF-1, and the human transforming growth factor β3 (hTGF-β3). Finally, the 
synergic effect of the pro-angiogenic recombinant proteins was assessed by addressing their capacity 
to stimulate blood-vessel tubes formation in an in vitro assay. 
 The results obtained in this study show how promoters, signal peptides, and purification tags 
directly affect recombinant protein yields, even if they have been reported to perform remarkably 




the expression yields and functionality of the recombinant proteins. Additionally, the multiplied 
biological effect found in the combination of transgenic strains expressing different human growth 
factors suggested the application of algal-derived biomolecule cocktails in biomedicine.  
This thesis's findings have enabled the expansion of the catalog of human growth factors 
expressed by C. reinhardtii and demonstrated the synergic effect of secreted proteins produced by 






Chronische nicht heilende Wunden sind nicht nur ein Gesundheitsproblem, sondern auch ein 
finanzielles Problem für die Weltbevölkerung.  
Um diesen klinischen Bedarf zu decken, entwickelte unsere Gruppe eine neuartige 
Technologie, die die Verwendung von photosynthetischen Chlamydomonas reinhardtii-Algen in 
biomedizinischen Anwendungen vorschlug. Dieser Ansatz mit dem Namen HULK (von dem Deutschen 
“Hypoxie Unter Licht Konditionierung”) zielte darauf ab, eine Behandlungsoption für akuter und 
chronischer Gewebehypoxie bereitzustellen. Darüber hinaus wurde die Entwicklung von transgenen 
Mikroalgen und deren Verwendung in Kombination mit dieser Photosynthesetechnologie als 
alternativer Ansatz zur Arzneimittelabgabe vorgeschlagen. Somit wurden photosynthetischen 
Organismen die Wunde mit Sauerstoff und rekombinanten bioaktiven Molekülen versorgen, die das 
Wundheilungsergebnis verbessern könnten. Die Anwendung von transgenen Mikroalgen ist vorteilhaft 
in Vergleich zu anderen weniger sicheren oder weniger effizienten Methoden für die Produktion und 
Verabreichung von menschelichen Therapeutika.  
Viele wichtige Aspekte können jedoch die Expression von rekombinanten Proteine in C. 
reinhardtii beeinflussen, z. B. die Rolle von regulatorischen Elementen, die Wirksamkeit von 
Sekretionssignalen, der Einsatz von Affinitäts-Tags und den Einfluss des genetischen Hintergrunds des 
transgenen Stammes. Um die Relevanz dieser Parameter für die Ausbeute und Funktionalität der 
rekombinanten Proteinexpression zu verstehen, und die beste Kombination zu finden, die die 
Schaffung einer robusten Plattform für die Expression menschlichen Wachstumsfaktoren für 
biomedizinische Ansätze ermöglichen würde, wurde ein Optimierungsverfahren in Bezug auf die 
vielversprechendsten Algenstämme, Expressionsvektoren und Transgen-Designstrategien 
durchgeführt. Die Effizienz von zwei verschiedenen Expressionsvektoren in Kombination mit zwei 
verschiedenen C. reinhardtii-Stämme wurde in Bezug auf Transgenexpressionsraten, Proteinsynthese 
Ausbeute, Sekretionsraten und Biofunktionalität verglichen.  
Basierend auf den erzielten Ergebnissen wurde der Katalog von transgenischen C. reinhardtii 
Stämme, die menschlichen Wachstumsfaktoren sekretieren können, erweitert, um die Solidität der 
Plattform, die sich als am effizientesten herausstellte, zu demonstrieren.  
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1.1. Wound Healing  
A wound is a break of an organ's epithelial integrity, which may be accompanied by disruption 
of the underlying tissue. Often, it can be a consequence of traumatic accidents, a result of surgical 
incisions, or may be associated with other pathologies as diabetes.  
The treatment for skin injuries represents a high economic and social cost for many countries 
around the world. To give two examples, in the United States, Health Care spends around US$25 billion 
annually on chronic wound treatment (Sen, 2009). In the United Kingdom, the National Health Service 
estimated at ₤4.5-5.1 billion in 2012 for the treatment of wounds (Guest et al., 2017). Hence, it is 
remarkably essential to understand the wound healing process and contribute to new and effective 
therapies that support it. 
1.1.1.  Wound healing process 
Wounds compromise tissue integrity and continuity. These have to be restored to re-establish 
the homeostatic mechanisms, prevent infection, and minimize fluid loss (Greaves et al., 2013). All these 
conditions should be achieved by a wound healing process, where multiple parallel and interrelated 
pathways are actively synchronized to induce wound repair (Werner & Grose, 2003).   
The wound healing process is based on a complex signaling network that involves different 
types of cells, growth factors, cytokines, and chemokines. This process can be separated into four 
overlapping phases: hemostasis, inflammation, proliferation, and maturation or remodeling  (Greaves 
et al., 2013) (Figure 1). 
During the hemostasis phase, platelets and fibrin fibers promote blood coagulation by forming 
a clot to reduce blood loss. This fibrin matrix further allows the migration of the cells to the injury site 
and acts as a reservoir of growth factors (GFs). The platelets release the platelet-derived growth factor 
(PDGF) that stimulates the cellular activity to stop the bleeding (Guerra et al., 2018).   
Then the inflammation phase starts. The neutrophils are the first cells to get to the wound to 
clean out particles, bacteria, and dead tissue. Then the monocytes are recruited to the wound site and 
maturate to macrophages to continue with the cleaning process. Macrophages release other  GFs, 
among them the vascular endothelial growth factor (VEGF), to stimulate the transition from the 
inflammation to the proliferation phase, hence allowing the wound healing progress to proceed 








The proliferation stage is characterized by reepithelization, neovascularization, and formation 
of granular tissue. This phase starts when fibroblasts reach the wound site and begin to proliferate and 
synthesize collagen, which is the main component of the extracellular matrix (ECM). For this,  
fibroblasts are stimulated by GFs, among them PDGF to begin to replace the provisional fibrin matrix 
in the wound bed for type III collagen and ECM molecules like fibronectin, glycosaminoglycans (GAGs) 
and proteoglycans (Greaves et al., 2013; Sanon et al., 2016; Werner and Grose 2003).  
Also, during this phase, angiogenesis occurs in response to pro-angiogenic factors such as 
VEGF, PDGF, and the stromal-derived growth factor (SDF-1). Angiogenesis is the process of the new 
vascular network formation from already existing blood vessels. It is essential for wound healing and 
occurs in response to pro-angiogenic factors, including vascular endothelial growth factor (VEGF), 
fibroblast growth factor (FGF), angiogenin, angiotropin, and angiopoietin-1 (ang-1). From this GFs, 
VEGF-A and its receptor VEGFR-2 are the best-studied due to their crucial role in the formation and 
Figure. 1: Schematic representation of the overlapping wound healing process.  The healing 
process is compounded by four phases (hemostasis, inflammation, proliferation, and remodeling), 
which overlaps in time, and different kind of cells take part. For more detailed information on the 





maintenance of the new blood vessels (Greaves et al., 2013; Shibuya 2011). Angiogenesis restores 
tissue perfusion, re-establishes the microcirculation, and increases oxygen in the wound site 
(Barrientos et al., 2008; Greaves et al., 2013).  
The final phase is maturation or remodeling; this phase is characterized by the contraction and 
remodeling of granulation tissue and restructuration into a mature scar. Fibroblasts differentiate into 
myofibroblasts mediated by the presence of PDGF and transforming growth factor (TGF-β); also, the 
type III collagen is gradually changed to type I collagen, which increases the tensile strength of the skin. 
The interaction of the myofibroblast with the ECM consequently reduces the size of the wound 
(Greaves et al., 2013; Guerra et al., 2018; Sanon et al., 2016). 
Wounds can be categorized according to the healing time into acute and chronic (Dreifke et 
al., 2015). Those that can recover the epidermal integrity relatively quickly are referred to as acute 
wounds, and those who take more than 12 weeks in the initial phase are chronic wounds (Singh et al., 
2017).  
1.1.2. Growth factors related to the Wound healing process  
As mentioned before, wound healing comprehends a cascade of events regulated by multiple 
growth factors and cytokines, and it depends on their interaction and timely regulation if the wound 
healing process is successful (Werner and Grose 2003). VEGF, PDGF, SDF-1, and TGFB are four GFs that 
have been thoroughly studied because of their essential role in the wound healing process. In 
particular, these GF are required to achieve the re-vascularisation and restoration of the tissue defect 
via stimulation of angiogenesis and cell- recruitment and proliferation (Barrientos et al., 2008; Castaño 
et al., 2018; Sanon et al., 2016; Werner and Grose 2003).  
 
1.1.2.1. Vascular Endothelial Growth Factor  
VEGF is part of the VEGF family, which includes seven cytokine members (VEGF-A, VEGF-B, 
VEGF-C, VEGF-D, VEGF-E and placenta growth factor (PLGF) that bind to at least one receptor of the 
VEGF-receptor (VEGFR) family, which is constituted by three or four members depending on the 
vertebrate species (Shibuya 2011; Werner and Grose 2003). 
VEGF-A binds to two related receptors tyrosine kinases (RTKs) on the cell surface of vascular 
endothelial cells (ECs), VEGFR-1 (Flt-1) and VEGFR-2 (KDR). Both have seven immunoglobulin-like 
domains in the extracellular domain, a single transmembrane region, and a consensus tyrosine kinase 
sequence that is interrupted by a kinase-insert domain, which is activated by ligand triggered 
dimerization.  Although VEGF shows a high affinity to VEGFR-1, VEGFR-2 is phosphorylated much more 
efficiently upon ligand binding. Therefore, this is the main receptor responsible for controlling the cell 





third receptor, the neuropilin-1 (NRP1), has been proposed to act as a co-receptor for VEGFA-165, 
enhancing VEGF binding-affinity to VEGFR-2, (Barrientos et al., 2008; Ferrara et al., 2003; Pan et al., 
2007).  
VEGF-A is a 34 to 42 kDa dimeric, disulfide glycoprotein, which has been identified as the 
primary mediator of angiogenesis. Its messenger RNA (mRNA) undergoes alternative splicing to give at 
least six isoforms containing 121, 145, 165, 183, 189, and 206 amino acids, respectively. All isoforms 
are secreted as covalently linked homodimers and differ in their ability to bind to the cell surfaces and 
ECM-components (Ferrara 2001; Pan et al., 2007). Among these isoforms, VEGF-A165 has been reported 
to be essential and sufficient for angiogenesis (Maes et al., 2002). 
VEGF-A165 stimulates angiogenesis by promoting endothelial migration and proliferation 
(Castaño et al., 2018; Sanon et al., 2016). It is expressed by ECs, keratinocytes, fibroblasts, platelets, 
neutrophils, and macrophages upon injury, where the primary stimulus for VEGF-release is the onset 
of hypoxia in the acute wound due to the disrupted vasculature. Pro-angiogenic hypoxic effects are 
mediated through hypoxia-inducible factor-1α (HIF-1α) (Sanon et al., 2016). This growth factor 
upregulates VEGF, which stimulates endothelial nitric oxide synthase (eNOS) and, in turn, eNOS-
derived nitric oxide. Then, the VEGF gradient within the wound, along with the hypoxia gradient, 
stimulates ECs migration towards central hypoxic regions. This step is essential since it is required to 
restore the provision of nutrients and oxygen to the new tissue. In normal conditions, the serum VEGF 
concentration is 0.4 ± 0.2 ng/ml, yet in post-surgery patients, this concentration can reach 6.9 ± 1.3 
ng/ml on the 7th postoperative day (Nissen et al., 1998). 
In clinical applications, tissue ischemia due to poor oxygenation is one of the principal 
pathologies and is the most frequent cause of strokes and heart failure. The attempts of reconstructing 
the microvasculature with gene therapy were the first treatments in humans for peripheral- and 
coronary-artery disease, and have focused on the different application ways of angiogenic molecules, 
including VEGF-A (reviewed by Gupta et al., 2009). Furthermore, the field of tissue engineering has 
developed many strategies to directly deliver VEGF-A or stimulate its local synthesis in the wound due 
to its role as the initiator of angiogenesis and other several stages of the repair process (Johnson and 
Wilgus 2014). For instance, biomaterials have been used to support its administration into wounds by 
establishing the GF and control its secretion (Aguirre et al., 2012; Castaño et al., 2018; Sanon et al., 
2016). Some examples of this are the use of Poly (N-isopropilaclylamideco-acrylic acid) gels, for direct 
administration of VEGF which enhanced scarless wound healing (Hughes et al., 2004) or the use of an 
electrospun scaffold with collagen, hyaluronic acid, and gelatin with pro-angiogenic GFs (among them 
VEGF), showed excellent results concerning wound closure and the maturation of new blood vessels 






1.1.2.2. Platelet-Derived Growth Factor 
The PDGF family consists of five members of homo- and heterodimers, including PDGF-AA, 
PDGF-AB, PDGF-BB, PDGF-CC, and PDGF-DD. Their respective receptors consist of the tyrosine kinase 
receptor units PDGFR-α and PDGFR-β, which contain a transmembrane domain and an intracellular 
kinase domain. These two receptors isoform units dimerize upon ligand binding and lead to the 
possible receptor combinations -αα, -αβ or -ββ. This dimerization results in the autophosphorylation 
of tyrosine residues in the intracellular domain and triggers several different pathways. Only the ~30 
kDa glycosylate dimer PDGF-BB binds to all the isoforms (Folestad et al., 2018). Moreover, the patterns 
of ligand binding and receptor expression suggest a paracrine mechanism of action, as PDGF-B is 
expressed in the epidermis, while its receptors are found in the dermis or granulation tissue (Ataliotis 
and Mercola 1997). 
PDGF-B takes part in every phase of the wound healing process. After an injury, platelets 
release PDFG-B to stimulate the mitogenesis and chemotaxis of neutrophils, macrophages, and 
fibroblasts to the wound site (Werner and Grose 2003). It also stimulates macrophages to produce and 
secrete other growth factors such as TGF-β or VEGF-A (Barrientos et al., 2008). PDGF-B stimulates cell 
growth through the expansion of the oligodendrocyte compartment and chemotaxis, which is 
necessary to prevent the apoptosis (Heldin and Westermark 1999).  
During re-epithelization, PDGF-B upregulates the production of insulin-like growth factor 1 
(IGF-1) and thrombospondin 1. Additionally, PDGF-B helps to enhance fibroblast proliferation and 
ECM-production during the proliferative phase, as well as wound contraction in the remodeling phase 
by stimulating the fibroblast to contract collagen matrices and inducing the myofibroblast phenotype 
in these cells. Furthermore, it helps to break down old collagen by upregulating matrix 
metalloproteinases (Barrientos et al., 2008; Castaño et al., 2018).  
PDGF-B works synergistically with hypoxia to increase VEGF-A expression and is essential for 
blood vessel maturation.  It had been shown the action of PDGF-B, together with VEGF-A increases not 
only pericyte- but also smooth muscle cell-recruitment, further enhancing the integrity of the 
capillaries (Barrientos et al., 2008). 
Different studies have demonstrated the therapeutic potency of PDGF-B in the wound healing 
process. It has been found that the expression of PDGF-B and their receptor was reduced in wounds 
of genetically healing-impaired diabetic mice and glucocorticoid-treated mice, pointing out that the 
expression of PDGF-B and its receptor is essential for normal healing. In normal conditions, PDGF-B 
concentration is 1.7 ng/ml in serum, but after exercise, the levels of this growth factor can rise to 4.64 
ng/ml in a healthy person (Czarkowska-Paczek et al., 2006).  
Recombinant human PDGF-B was the first and only treatment for diabetic foot ulcer (DFU) 





This drug was shown to accelerate wound closure, thereby increasing the healing rates by 32%. 
However, in 2008, the FDA warned about the cancer risk associated with Becaplermin (reviewed by 
Barrientos et al., 2014), which pointed out the need for more precise GFs administration methods. 
Recent studies have engineered new delivery forms for growth factors, including PDGF-BB, and related 
gene therapies for skin wound healing. For instance, Jiang and collaborators developed some 
microspheres of Poly(lactic-co-glycolic acid) (PLGA) loaded with PDGF-B and chlorhexidine, which 
showed to decrease the rate of infection and enhance wound healing (Jiang et al., 2013). 
 
1.1.2.3. Stromal Cell-Derived Factor 
The SDF-1 or CXCL12 is a member of the CXC chemokine family of pro-inflammatory mediators 
and an effective chemoattractant for a variety of cells. Its biological activity is related to its oligomeric 
states; nevertheless, in natural conditions, SDF-1 exists as dimer and monomer. The monomer is 
approximately 10kDa in size, and its main receptor is CXCR4, which is a G protein-linked 
transmembrane chemokine receptor, selectively found on the surface of the endothelial cells (Chang 
et al., 2017; Ding et al., 2011; Zhang et al., 2017; Ziegler et al., 2016).  
SDF-1 is secreted by many cells, among them: monocytes, macrophages, endothelial cells, 
astrocytes, mesenchymal stem cells, which act as chemoattractants to promote the migration and 
proliferation of epidermal cells, particularly keratinocytes (Ding et al., 2011; Guo et al., 2015; Salcedo 
and Oppenheim 2003). 
This chemokine is a crucial factor in angiogenesis because it promotes ECs migration and tube 
formation. It also influences physiological processes such as inflammation, wound healing, and 
embryonic development (Cheng et al., 2014). Some researchers have reported the role of SDF-1 in the 
recruitment of bone marrow-derived hematopoietic stem cells and mesenchymal stem cells, which 
should aid the regeneration of blood vessels, bones, cartilage and skeletal muscle (Zhao et al., 2017). 
Additionally, several studies have reported that bone marrow mesenchymal stem cells (BMSCs) utilize 
the SDF-1/CXCR4 axis to migrate to damaged tissues in varied pathological conditions as myocardial 
ischemia, wound area, bone fracture and cerebral ischemia (reviewed by Gong et al., 2014). In normal 
circumstances, the SDF-1 levels in serum are around 0.3 ± 0.2 ng/ml in healthy patients; in tuberculosis 
active patients, these are higher and can reach 1.3 ± 0.5 ng/ml (Mizuno et al., 2005). 
Most of the efforts to test the angiogenic potential of SDF-1 have been demonstrated in 
different types of cells, such as epidermal stem cells (Guo et al., 2015) or bone marrow-derived 
endothelial cells (Velazquez 2007). Yeboah and co-workers recently developed an SDF-1 derivate that 
induces cell migration and revascularization in full-thickness skin wounds in diabetic mice (Yeboah et 





degradable hydrogels, commercial collagen, or PLGA to improve the regeneration of blood vessels, 
myocardium, cartilage, and bone (reviewed by Zhao et al., 2017). 
 
1.1.2.4. Transforming Growth Factor 
The Transforming Growth Factor (TFG) family includes three isoforms of TGF-β (TGF-β1, TGF-
β2, TGF-β3) all of them secreted as inactive latent peptides that require activation through a multistage 
process before binding to the TGF-β receptors. The TGF's polypeptides are initially synthesized as pre-
pro-TGF-β, which is a monomer of approximately 55 kDa and contains the called latency associated 
peptide (LAP). The next step involves proteolysis and dimerization, creating the small latent TGF-β 
complex (SCL), which is the connection between two LAP chains by disulfide bonds established 
between the cysteine residues of the latent TGF-β binding protein (LTBP). Then the large latent TGF-β 
complex (LLC) is formed and secreted from the cell to interact with ECM components, including 
integrins. Bonding with these molecules allows the activation of the mature form of TGF-β (Barrientos 
et al., 2008; Poniatowski et al., 2015; Rybska et al., 2018).  
Once the TGF-β active form is released, they can bind to the cell surface complex of two pairs 
of the transforming β receptor-I and II (TβRI and TβRII, respectively). The TβRII is constitutively 
phosphorylated, then the next step is the phosphorylation of TβRI; thus, the resulting heterotetramer 
can transmit the signal into the cell.  
The functional activation of the receptors is regulated through posttranslational modifications, 
spatial regulation at the cellular level, and the availability of the receptors in the cell surface. This 
mechanism is due to the cells that can mobilize the TGF-β receptors from the intracellular 
compartment to the plasma membrane, increasing its abundance and make it available to the binding. 
Structurally, the receptors contain a domain that shows serine/ threonine kinase activity, a 
transmembrane region, and the ligand-binding domain (Duan and Derynck 2019; Poniatowski et al., 
2015; Rybska et al., 2018). This receptor complex phosphorylation activates the SMAD-intracellular 
signaling pathway through the Smad-receptors (Smad2 and Smad3), which interacts with DNA binding 
transcription factors and cofactors to amplify or repress gene expression (Penn et al., 2012; 
Poniatowski et al., 2015). There is evidence that the TβRII receptor specifically binds to the TGF-β3, 
acting as traffic control because of the differential responses of keratinocytes migration to human 
serum or plasma (Bandyopadhyay et al., 2006). 
The transforming growth factor family is involved in all phases of the wound healing process, 
and different kinds of cells produce its members during this process, such as platelets, keratinocytes, 
macrophages, and fibroblasts. More specifically, TGF- β1 is expressed in dendritic cells, leukocytes, and 
epithelial cells; meanwhile, TGF-β2 is present in epithelial and nerve cells and TGF- β3 in fibroblasts 





The TGF-β family has a chemoattractant effect for neutrophils, macrophages, and fibroblasts. 
Also, it stimulates the proliferation and differentiation of mesenchymal stem cells (MSCs) and the 
synthesis and deposition of collagen fibers, as well as ECM-remodeling (Penn et al., 2012; Poniatowski 
et al., 2015; Werner and Grose 2003). The TGF-β family is also related to scarring, where sequestration 
of TGF-β by the glycoprotein decorin inhibits their activity, thus inducing hypertrophic scars (Penn et 
al., 2012). In normal conditions, human plasma serum levels of TFG-β3 are 1-2 ng/mL (Bandyopadhyay 
et al., 2006).  
The therapeutic application of TGF-β3 was tested by direct delivery of recombinant hTGF-β3 
(Avotermin); this drug showed a significant reduction of scarring in clinical trials phase I/II (Occleston 
et al., 2011), but failed in phase III (Yamakawa and Hayashida 2019). In biomedicine, TGF-β3 has been 
reported as a reducer of hypertrophic scars (Bandyopadhyay et al., 2006) and as an aid in bone fracture 
healing, among other clinical uses (Poniatowski et al., 2015). 
 
1.1.3. Oxygen in wound healing and regeneration  
Oxygen is an essential molecule for life. Besides, oxygen is particularly necessary for wound 
healing, where oxygen is involved in four main healing mechanisms: the oxidative killing of bacteria, 
re-epithelialization, angiogenesis, and collagen synthesis (Knighton et al., 1983).  
Oxygen concentration in the human body is expressed in terms of oxygen partial pressure 
(pO2). In normal conditions, oxygen is provided by the circulatory system, where the pO2 in the arterial 
blood is approximately 100 mm Hg (Gordillo and Sen 2003). However, when a disruption of vasculature 
occurs due to a wound, the central area of the dermal injury is hypoxic (pO2 values between 0 – 10 mm 
Hg), the periphery of the wound is normoxic ( pO2 60 mm Hg). 
Hypoxia is defined as a lower tissue pO2 compared to the pO2 under healthy conditions in vivo. 
Hypoxia leads to anaerobic metabolism, where the acid environment and the inadequate ATP 
production make it impossible to maintain normal cellular function (Rodriguez et al., 2008). The three 
main factors that contribute to wound tissue hypoxia are peripheral vascular diseases (PVDs) impeding 
O2 supply, an increase of O2 demand of the healing tissue and generation of reactive oxygen species 
(ROS) by way of respiratory burst and for redox signaling (G Rodriguez et al., 2008; Sen 2009).  
It is known, ROS has an essential role in the oxidative killing of bacteria acting as a first defense 
against infections. Low levels of reactive oxygen species (ROS) and the elevated lactic acid acts as 
cellular messengers to stimulate the critical process associated to wound healing, as cell motility, 
cytokine action, angiogenesis, and ECM formation (G Rodriguez et al., 2008; Gordillo and Sen 2003; 
Singer and Clark 1999). However, if the ROS levels are extremely low, the cell cycle can get cytostasis, 
then the cell growth and proliferation is inhibited. Moreover, if there is an excess of ROS, no oxygen is 





availability of the growth factors are reduced, as well as the nutrient supply (Dunnill et al., 2017; 
Gordillo and Sen 2003; Sen 2009).  
Oxygen is required for the adenosine triphosphate (ATP) synthesis in the mitochondria and is, 
therefore, crucial to maintaining adequate energy levels in the cells involved in the formation of the 
newly growing tissue. Additionally, the ATP released from the damaged epithelial cells can activate 
purigenic or adenosine receptors, influencing the immune response, inflammation, vasculogenesis, 
and endothelial cell proliferation. Besides, extracellular ATP turns on NADPH oxidases. This activation 
is critically required to produce the redox signals needed for wound healing, increasing vascularity and 
inducing the molecular markers of angiogenesis, specifically VEGF (Roy et al., 2006; Sen 2009). 
As it has been established, oxygen concentration has a crucial role during the whole wound 
healing process.  The initial hypoxic condition in wounds leads to the hypoxia-inducible transcription 
factor 1α (HIF-1) expression, which is the start point for the cascade reaction of the cytokines related 
to the healing process, among them PDGF, VEGF, SDF-1 and TGF-β (G Rodriguez et al., 2008; Gordillo 
and Sen 2003; Tandara and Mustoe 2004). Additionally, the low O2 concentration stimulates 
neutrophils to provide immunity and prevent infections through NADPH-oxygenase, which produces 
superoxide able to kill bacteria in the environment. Nevertheless, if the hypoxic conditions became 
chronic, all this process can not be sustained, compromising tissue survival (Hopf and Rollins 2007). 
Although hypoxia is known for its role in the early phase of neovascularisation, only acute 
hypoxia has this angiogenic effect, whereas severe or chronic hypoxia inhibits new blood vessel-
formation (Sen 2009; Tandara and Mustoe 2004). Moreover, acute hypoxia (0-72hrs) enhances 
fibroblast migration, proliferation, and production of the collagen matrix, whereas under chronic 
hypoxic conditions, this activity decreases (Siddiqui et al., 1996). Furthermore, oxygen delivery to 
chronic hypoxic wounds restores mitochondrial respiration, ATP synthesis and enables ROS 
production, which in turn is the primary stimulus for VEGF synthesis to promote angiogenesis (Howard 
et al., 2013).  
On the other hand, a temporary lack of oxygen in a wound tissue is also required to induce the 
wound healing process (Ong and Dilley 2018). For example, keratinocytes move faster under this 
condition, and the same situation happens with human dermal fibroblasts (Menon et al., 2012). 
Collagen deposition and proteoglycan constitute the main components of the ECM, which is 
required to provide support to new blood vessels, otherwise, new capillary tubes assembly poorly and 
remain fragile (Eisenbud 2012; Sen 2009). Furthermore, the ECM deposition is entirely dependent on 
oxygen, since collagen production and remodeling are two processes that depend on oxygen. The 
hydroxylation of proline and lysine in procollagen is required for the maturation of the collagen, since 
this procollagen hydroxylation is entirely oxygen-dependent, even an oxygenation increase, rise the 





degradation of extracorporeal membrane oxygenation by metalloproteinases occurs, then the ECM 
can not be formed, thus there is the only procollagen, which does not have the functional properties 
of collagen (Eisenbud 2012). 
 
1.2. Oxygenic photosynthesis  
 
In 1772 Joseph Priestly demonstrated that oxygen (O2) was an indispensable molecule for life 
when he showed that a mouse could live in a closed compartment when a plant is also inside, thereby 
concluding that the plants cover the breathing needs of the mouse (West 2013).  
Photosynthesis is the main process that provides oxygen and energy as biomass for 
heterotrophic living organisms in the earth. During 1950 and 1960, Danial I. Arnon and colleagues 
reported that photosynthesis involves two phases: the so-called light-dependent reactions, where O2,  
adenosine triphosphate (ATP), and nicotinamide adenine dinucleotide phosphate (NADPH) are 
produced; the second phase,  known as the light-independent reactions (Calvin-Benson cycle), which 
reduce CO2 to carbohydrate and consume  ATP and NADPH in the light-dependent reactions (Buchanan 
et al., 2000).  
This process takes place in the chloroplasts of plants, algae, and some cyanobacteria (Rumpho 
et al., 2011), which was demonstrated by showing that the chloroplast thylakoid membranes oxidize 
water molecules and result in the reduction of NADP+ and synthesis of ATP and oxygen release (Nelson 
and Yocum 2006).  
The photosynthesis reactions are catalyzed by four large protein complexes (Figure 2.): 
photosystem I (PSI) and photosystem II (PSII), an ATP synthase (F-ATPase) and the cytochrome b6f 
complex (Cyt b6f). PSI and PSII are supported by peripheral light-harvesting complexes (LHCs) that work 
together in the linear electron transport (Dekker and Boekema 2005).  A serial of biochemical reactions 







First, sunlight is harvested by the light-harvesting complexes (LHCII), the photon-excited 
chlorophyll pigments, which transfer energy to the reaction centers (PSI and PSII). Here start a series 
of electron transfer steps from a donor to an acceptor electron carrier molecule, which is driven by the 
proximity of the electronic charge through the photosynthesis complexes (Vecchi et al., 2020).  
In the PSII, the energy harvested protons are used to excite the reaction chlorophyll center 
(P680) and used to split H2O into oxygen, protons, and electrons and to reduce the plastoquinone (PQ) 
QA, to another PQ molecule QB. This reaction involves four consecutive turnovers of the reaction center 
P680  and requires two H2O molecules to release one O2 molecule (Minagawa and Takahashi 2004). 
When QB is double reduced, it binds to protons from the stroma and is converted to plastoquinol 
Figure. 2: Schematic representation of electron transport trough the photosynthetic 
complexes in the thylakoid membrane. Arrangement of PSI, PSII, Cyt b6f and ATP synthase 
complexes within the thylakoid membranes is shown. The light-driven water splitting reaction leads 
to O2 evolution and originates linear electron transport, indicated with black arrows, from water to 
NADP+, which is coupled to proton translocation from stroma into the luminal side of thylakoids 
during the light phase. The electrochemical gradient formed is used by the ATP synthase to produce 
ATP from Adenosine diphosphate (ADP) and Pi in the stroma. The NADPH and ATP formed during the 
light phase drive the Calvin–Benson–Bassham cycle reactions in the stroma. Two pathways of cyclic 
electron transport around PSI are indicated with red (Ferredoxin-dependent pathway) and green 





(PQH2), which moves inside the thylakoid membrane to the specific binding site on the Cyt b6f complex 
where it is oxidized. 
The Cytb6f complex receives electrons from the PSII by PQH2 and passes to the PSI by reducing 
plastocyanin (PC) or cytochrome c6, both in plants and algae or cyanobacteria (Hippler 2017). This 
electron transfer is guided by the translocation of protons across the membrane, from the stroma to 
lumen, and creates a proton electrochemical gradient across the membrane via the Q-cycle for ATP 
synthesis (Dekker and Boekema 2005). 
In the PSI, its primary donor P700 (chlorophyll dimer), is excited. This P700* transfers an 
electron to chlorophyll A0 (ChlA0), then the PSI catalyzes the oxidation of PC and the reduction of 
ferredoxin (Fd) via FeS-cluster (Buchanan et al., 2000). After passing through PSI, electrons are 
transferred from Fd to NADP+ and form NADPH, due to the ferredoxin-NADP oxidoreductase (FNR), 
which catalyzes this reaction (Eberhard et al., 2008). 
Finally, the two photosynthetic products, ATP and NADPH, which are high-energy compounds 
of intermediate stability, are used in the Calvin-Benson cycle to fix CO2 and convert it into sugar.  This 
process is completed through three different phases. First, during the carboxylation phase, one CO2 
molecule is added to the 5-carbon sugar ribulose biphosphate (RuBP) by the Ribulose bisphosphate 
carboxylase/oxygenase (Rubisco) enzyme, to form two molecules of 3-phosphoglyceric acid (PGA). 
Then, in the reduction phase, the NADPH and some ATP are consumed to reduce the PGA to triose 
phosphate (Triose-P). During the last phase, called regeneration, the initial RuBP is restored from the 
Triose-P through several reactions and involves eight different enzymes, which has a crucial role in the 
carbon fixation due to the carboxylation (Blankenship 2014; Vecchi et al., 2020). 
 
1.3. Chlamydomonas reinhardtii  
 
1.3.1. General considerations 
The unicellular green alga Chlamydomonas reinhardtii is worldwide distributed in soil and 
freshwater (Figure 3). It has about 10 micrometers in diameter and has an oval shape, which is enclosed 
by a multilayered cell wall made of hydroxyproline-rich glycoproteins and non-cellulosic 
polysaccharides. C. reinhardtii has a prominent nucleus that harbors the nucleolus, and the nucleus is 
surrounded by a membrane that is continuous with the endoplasmic reticulum and Golgi bodies. 
Characteristic organelles of this alga are two flagella of 10-12 micrometers in length used for motility 
and matting, contractile vacuoles, a single cup-shaped chloroplast that occupies a large proportion of 
the cell (40%), cytosol-dispersed mitochondria, a large pyrenoid within the chloroplast, which is 





carotenoid pigments that works as a directional antenna that helps it moves toward or away to the 
light (Harris et al., 2009). 
As mentioned before, C. reinhardtii cells are enclosed by a multilayered cell wall, which consists 
of an insoluble hydroxyproline-rich glycoprotein innermost layer and three layers of chaotrope-soluble 
glycoproteins forming the central triplet, which is an amorphous outer layer of branching glycoprotein 
fibers. The widely used cw-15 wall-less laboratory strain has a rudimentary cell wall with a reduced 
amount of cell wall components because it fails to assemble layers of the central triplet. Instead, it 
creates branches of cell-wall fibers that resemble the outer layer of the wild type cells (Harris et al., 
2009). Nevertheless,  cell-wall deficient mutants are extensively used for transformation due to its high 
efficiency in incorporating exogenous DNA (Harris 2001). 
 
 
Chlamydomonas reinhardtii, have been used as a model organism to study photosynthesis, 
due to its closely related photosynthetic apparatus to the vascular plants. Also, its ability to grow 
heterotrophically using acetate as a carbon source allows the isolation of mutants that can synthetize 
chlorophyll and assemble a complete photosynthetic apparat in the dark (Dent et al., 2001). C. 
reinhardtii has a maximal photosynthetic activity of 7.584 ± 0.416µg O2 (237 ± 13 nmol O2) per 1·106 
cells in one hour under continuous illumination (Janssen et al., 2000).  
Figure. 3: Cell structure of C. reinhardtii. Showing the nucleus, endoplasmic reticulum with the 
Golgi bodies, the cup-shape chloroplast with the eyespot and the pyrenoid, starch granule and 
plastoglobules, also the mitochondrion, the contractile vacuoles and the two flagella.  Adapted from 





1.3.2. C. reinhardtii as a model organism for protein expression 
Over decades C. reinhardtii has been a model organism to study photosynthesis due to its 
numerous advantages. This unicellular haploid alga can be grown easily in the laboratory conditions, it 
reproduces sexually or asexually and can grow under three different conditions: photoautotrophic 
which means using light and CO2 as a carbon source, mixotrophic, which means under illumination, 
but in this case, the acetate-containing medium provides the carbon, or heterotrophic conditions 
(without light), where it can still synthesize and assemble a fully functional photosynthetic apparatus, 
which is similar to the photosynthetic reactions centers to those of higher plants (Dent et al., 2005; 
Harris et al., 2009). 
In the laboratory, the optimal conditions for growing are long-established. For a wild-type 
strain, optimal cultivation conditions include temperature around 20-25 °C in minimal liquid or agar 
medium and illumination at around 200-400 μE (photosynthetically active radiation), which allow a 
population doubling time of 6 or 8 hours (Harris 2001). C. reinhardtii nuclear genome is about 111 Mb, 
organized in seventeen chromosomes, a 15.8 kb mitochondrial genome, and 50-80 identical copies of 
a 205 kb chloroplast genome (Gallaher et al., 2018). All three genomes are fully sequenced (Merchant 
et al., 2007) and amenable for genetic modification. 
Another advantage of C. reinhardtii as a model organism is that this green alga is considered a 
"Generally Recognized as Safe" (GRAS) organism, which means that it does not have any pathogens 
that can cause damage to humans, which makes it an attractive cell factory for recombinant proteins 
for biomedical purposes. For instance, they can be used as topical application of biopharmaceuticals 
such as anti-microbial proteins in crude cell lysates or even use the whole algae for oral delivery of 
vaccines, anti-microbials or hormones (Taunt et al., 2018). As a result, C. reinhardtii has become an 
attractive a model organism in other research areas, such as biotechnology, where recent research has 
been devoted to developing strategies to efficiently express heterologous proteins including 
antibodies or therapeutic molecules using C. reinhardtii (Leon-Banares et al., 2004), as introduced in 
the next section. 
 
1.3.3. Recombinant protein expression in C. reinhardtii. 
C. reinhardtii has a high potential as a bio-factory, as it has many features that are desirable in 
a commercial platform for recombinant protein production such as high growth rate and easy 
cultivation, ability to synchronize cultures, the capacity for classical genetic crosses, existing tools for 
genetic manipulation, efficient long-term cryo-conservation protocols and the ability to perform post-





More recently, transgenic microalgae emerged as an alternative to produce therapeutic 
molecules instead of bacteria, yeast, or mammalian cell lines, which had been the most used organisms 
by the pharmaceutic industry as an expression platform to produce recombinant proteins. Table 1 
summarizes the advantages and disadvantages of each system (Yan et al., 2016). 
 
Table 1. Rough comparison among different expression platforms to produce pharmaceuticals. 
(Adapted from Yan et al., 2016). 
 BACTERIA YEASTS MAMMALIAN 
CELLS 
ANIMALS PLANTS MICROALGAE 
PROTEIN FOLDING 
ACCURACY 
Low Medium High High High High 




PRODUCT QUALITY Low Medium High High High High 
PROTEIN YIELD Medium High High High High High 
PRODUCTION 
SCALE 
Limited Limited Limited Limited Worldwide High 
PRODUCTION TIME Short Medium Long Long Long Short 
SCALE-UP COST High High High High Medium Low 
OVERALL COST Moderate Moderate Expensive Expensive Inexpensive Low 
CONTAMINATION 
RISK 
Endotoxins Low High High Low Low 
SAFETY Low Unknown High High High High 
STORAGE COST Moderate Moderate Expensive Expensive Inexpensive Low 
DISTRIBUTION Medium Medium Difficult Difficult Easy Very easy 
REPRODUCTION Easy Easy Difficult Medium Easy Very easy 
 
Interestedly, in microalgae, it is possible to express recombinant proteins either from the 
nucleus in a eukaryotic environment or the chloroplast for prokaryotic conditions. Nowadays, the 
number of recombinant proteins successfully expressed in by C. reinhardtii is increasing and includes 
antibodies, vaccines, therapeutic proteins, feed supplements, bioremediation, and environmental 
control proteins. The increasing interest in C. reinhardtii as a biomanufacturing platform of 
recombinant protein led to the production of many different compounds such as antibodies and 
immunotoxins, hormones, industrial enzymes, and orally-active colostral protein and subunit vaccines, 







Table 2. Overview of C. reinhardtii produced therapeutics, feed supplements and another 
recombinant protein (Adapted from Hempel and Maier 2016) 





100 μg/g dw Chloroplast,  
psbA 





0.2–0.4 % TSP Chloroplast, 
psbA 





0.1–0.7 % TSP Chloroplast, 
psbA 












5 % TSP Chloroplast, 
psbA 
(Barrera et al., 2015) 
D2-CTB Intracellular 
(chloroplast) 
0.7 % TSP  
 1.6 mg/g dw 
Chloroplast, 
rbcL 








HSP70A - RBCS2 
(Dauvillée et al., 
2010) 
Pfs25, Pfs28 Intracellular 
(chloroplast) 
0.5 %, 0.2 % TSP Chloroplast, 
psbA 
(Gregory et al., 2012) 
Psf25-CTB Intracellular 
(chloroplast) 
0.09 % TSP Chloroplast, 
psbA 
(Gregory et al., 2013) 




(Jones et al., 2013) 
HIV antigen P24 Cytosol 0.25% TCP Nucleus,  
PsaD 
(Barahimipour et al., 
2016a) 
E7 HPV-16 Intracellular 
(chloroplast) 
0.12 % TSP Chloroplast, 
psbD 
(Demurtas et al., 
2013) 
VP1 (FMDV)-CTB Intracellular 
(chloroplast) 
3 % TSP Chloroplast, 
chlL 
(Sun et al., 2003) 
VP28 (WSSV) Intracellular 
(chloroplast) 
0.2–21 % TCP Chloroplast, 
psbA, atpA 
(Surzycki et al., 2009) 
E2 (CSFV) Intracellular 
(chloroplast) 
1.5–2 % TSP Chloroplast, 
rbcL 





0.05 % TSP Nucleus, 
CaMV 35S 




5 % TSP Chloroplast, 
psbD, psbA 
(Manuell et al., 2007) 
Human Epo Secreted ~100 μg/L Nucleus, 









Table 2: Overview of C. reinhardtii produced therapeutics, feed supplements and another recombinant protein 
(continued) 
Recombinant protein Expression site Expression level Genome promoter Reference 
Epo, interferon-ß, 




Up to 3 % TSP Chloroplast, 
psbA, atpA 
(Rasala et al., 2010) 
Human TRAIL Intracellular 
(chloroplast) 
0.43–0.67 % TSP Chloroplast, 
atpA 
(Yang et al., 2006) 
hGAD65 Intracellular 
(chloroplast) 
0.25–0.3% TSP Chloroplast, 
rbcL 
(Wang et al., 2008) 
apcA + apcB Intracellular 
(chloroplast) 
2–3 % TSP Chloroplast, 
psbA 
(Su et al., 2005) 




















(Rasala et al., 2012) 
hu Sep15 Intracellular 
(n.s.) 
n.s. Nucleus, 
hsp70 - RBCS2 













(Zhang et al., 2006) 
CTB cholera toxin subunit B, dw dry weight, n.s. not specified, TCP total chloroplast protein, TSP total soluble 
protein 
There are different methods to transform microalgae; all of them are based on the temporal 
permeability of the cell membrane, enabling the DNA to get into the cell (León and Fernández 2007). 
A simple and efficient method for cell-wall deficient strains is to vortex the cells in the presence of 
DNA, glass beads, and polyethylene glycol (PEG) (Kindle et al., 1989). Another possibility for whole cell-
wall strains is to use this agitation method, but instead of glass beads, silicon carbide whiskers can be 
used (G Dunahay 1993). Electroporation is another technique successfully employed to achieve stable 
transformants in C. reinhardtii (Shimogawara et al., 1998). In this method, transient holes in the cell 
membrane are formed when electric pulses are applied; the temperature, osmolality, electric 
conditions, field strength (kVcm-1), time of discharge, and DNA concentration should be optimized to 
get high transformation efficiencies. In the biolistic or microparticle bombardment, small gold or 
tungsten particles are covered with DNA, and those are shoot into the host cell with a gene gun (León 





into the algae; in this method, the delivery of genetic material is mediated by the stimulation of cell 
division by-products encoded by T-DNA from Agrobacterium to the host cell (Potvin and Zhang 2010b). 
Most of the efforts to express recombinant proteins in C. reinhardtii have focused on the 
chloroplast, The chloroplast of this algae represents the 40% of the cellular volume, which provides a 
favorable environment, and it prevents the proteolysis of the proteins, thereby allowing high 
accumulation yields (Hippler 2017). However, the chloroplast is not the best platform to produce 
biopharmaceutical products, because it does not allow for eukaryotic post-translational modifications, 
which are remarkably crucial to the stability and the biological activity of the proteins (Walsh and 
Jefferis 2006). 
Nuclear expression, on the other hand, permits correct disulfide bond bridge formation, 
glycosylation, and phosphorylation of recombinant proteins, and hence the efficient production of 
biopharmaceuticals. Moreover, the nuclear expression of transgenes also allows secreting the proteins 
outside the cell, which is an advantage in the downstream process, simplifying it and reducing the 
production costs (Hempel and Maier 2016). 
When designing an expression strategy for a specific recombinant protein, one should consider 
the following elements. First, effective transformation requires selection markers that allow identifying 
the successful transformants. Most commonly, co-transformation with a transgene that confers 
resistance against antibiotics such as spectinomycin (aadA) and paromomycin (aphVIII) (Potvin and 
Zhang 2010b) is used. Second, promotor choice is an essential feature for efficient protein expression. 
For recombinant protein expression from the nuclear genome of C. reinhardtii, the 5' UTR of RBCS2, 
PsaD, HSP70A, (Berthold et al., 2002; Fischer and Rochaix 2001; Schroda et al., 2002) or the fusion of 
HSP70A-RBCS2 (Eichler-Stahlberg et al., 2009; Lauersen et al., 2015b; Schroda et al., 2000) have been 
used successfully in the past. 
Also, non-coding regulatory elements have been used to enhance nuclear expression of 
recombinant proteins, this includes introns like the Rubisco Small Subunit 2 first intron (RBCS2i) 
(Eichler-Stahlberg et al., 2009; Lauersen et al., 2013a; Lumbreras et al., 1998), and thiamine 
pyrophosphate riboswitches (THI4) (Croft et al., 2007; Moulin et al., 2013) reviewed by (Scaife et al., 
2015). 
Moreover, functional peptides are another element that can be used to express recombinant 
proteins, so that the proteins can be directed or secreted to different subcellular locations by 
employing characterized targeting peptides, such as Arylsulfatase 2 (ARS2) (Centeno-Cerdas et al., 
2018; Chavez et al., 2016; Eichler-Stahlberg et al., 2009) and Carbonic anhydrase 1 (cCA1) (Lauersen et 
al., 2015b) signal peptides for secretion. Besides, tag-sequences may be used for downstream 
immunodetection or purification, such as the sequences coding for His-tag, Strep-tag, or hydrophobin 





While selecting an appropriated reporter gene is also necessary for the development of an 
efficient transformation system, these reporters can help for the detection of the transgene. Several 
different reporter genes are available  GFP, mVENUS, mCHERRY, EYFP, tdTOMATO (Rasala et al., 2013). 
As well these fluorophores, other genes have been used as reporters for C. reinhardtii transformation, 
such as the antibiotic-resistant gene aadA, endogenous chloroplast genes as chlB, chlL, and chlN, 
where a single change of color phenotype can be used as a reporter. Additionally, the E. coli gene uidA 
encodes β-glucuronidase (GUS)  widely used in plants and algae, has also been described as a reporter 
in Chlamydomonas to test promoters and 5' UTR  from different chloroplast genes (Esland et al., 2018).  
Finally, for C. reinhardtii microalgae, the adaptation of the foreign gene sequence to the host-
specific codon-usage is critical, because of its unique genomic high GC content of   6̴5% (Merchant et 
al., 2007). Otherwise, the transgenes might be susceptible to silencing effects and translational stalling, 
premature translational termination, translational frame shifting, and amino acid misincorporation 
(Heitzer et al., 2007). 
 
1.3.4. Optimization strategies of C. reinhardtii nuclear recombinant protein expression 
As mentioned before, achieving a high rate of recombinant proteins expressed in the nucleus 
of C. reinhardtii is a challenge. First, nuclear transformations occur by random insertion (Zhang et al., 
2014), which entails the risk of introducing detrimental mutations into the genome. It has also been 
demonstrated that both epigenetic transcriptional inactivation of a transgene and the genomic region 
where the gene of interest was inserted influence in the transgene expression (Cerutti et al., 1997; 
Jinkerson and Jonikas 2015).  
During the last years, there has been a research interest to increase the protein expression 
rates in C. reinhardtii by developing several different approaches. Some of them include high-
frequency transformation protocols (Kindle et al., 1989), mutant strains with improved nuclear 
expression potential (Neupert et al., 2009), nuclear transgene expression vectors (Lauersen et al., 
2013a; Neupert et al., 2009), secretory signals (Molino et al., 2018) and reporters (Rasala et al., 2013). 
To circumvent this problem, Neupert et al. 2009 developed the strains UVM4 and UVM11, 
which showed uniformly high accumulation levels of recombinant protein in all their transgenic clones. 
For the creation of these strains, they assumed that the reason behind the low efficiency of transgene 
expression in C. reinhardtii was related to the presence of non-conventional epigenetic suppression 
activities and a compact chromatin structure that does not allow the transgene transcription. 
Therefore, they isolated mutants in which this suppression-mechanism was defective. First, they 
performed a co-transformation of cw15 strain with CRY1-1 gen and selected through a low 
concentration of emetine resistance. Then they mutated the selected strains by UV-light, after a 





for transformation with a green fluorescent protein (GFP) and yellow fluorescent protein (YFP) for 
further analysis (Neupert et al., 2009). The strains UVM4 and UVM11  showed an accumulation of the 
recombinant fluorescent reporter proteins that reached 0.2% of the total soluble protein. These strains 
became an essential part of the available toolbox for genetic engineering using C. reinhardtii, and they 
have been used in many different approaches and working groups (e.g.(Barahimipour et al., 2016b; 
Bohne et al., 2013; Chavez et al., 2016; Lauersen et al., 2015b). 
On the other hand, researchers have been working on the development of vector systems that 
increase the expression rates of recombinant proteins. Fischer and Rochaix made the first approach 
about vector systems; they generated a vector (pBC1) for high-level expression of endogenous and 
exogenous genes. They identified the nuclear gene coding for the C. reinhardtii photosystem I reaction 
center subunit II (PsaD) as one whose regulatory elements are restricted to the flanking promoter and 
3′ untranslated regions (Fischer and Rochaix 2001). Using the PsaD genomic sequence, they developed 
a vector that allowed the efficient generation of transgenic strains as well as the subcellular targeting 
of recombinant proteins, when a peptide signal is included in the construct. 
Finally,  Lauersen and colleagues developed a vector system, which promised recombinant 
proteins yields up to 10 mg/ml. It was later optimized by the same group to become a modular vector 
(pOpt) that allows the rapid cloning of genes of interest in C. reinhardtii. The expression cassette in 
this construct uses the Heat Shock 70A (HSP70A)-Rubisco small subunit 2 (RBSC2) fusion promoter, 
along with the Rubisco small subunit intron 1 (HSP70A-RBCS2-i1) and RBCS2 3′ untranslated region as 
regulatory elements. Furthermore, in order to target the reporter proteins into the supernatant, the 
21 aa carbonic anhydrase-1 secretion signal (Menon et al., 2012) was fused to the transgene. Both 
constructs, pBC1 and pOpt, contain the APHVIII gene as a selectable marker that conferred resistance 
to paromomycin under the same hybrid promoter consisting of the HSP70A and RBCS2-i1 elements 
(Lauersen et al., 2013b; Lauersen et al., 2015a). 
 
1.4. HULK project 
 
Given the inherent hypoxia that comes with its application,  tissue engineering has focused its 
efforts on finding out the appropriate oxygen supply for cell proliferation, collagen production, re-
epithelization, and antibacterial activity (Tandara and Mustoe 2004).  Moreover, every year, the 
treatment cost of non-wound healing patients increases, mostly due to pathological diseases as 
diabetes and obesity. Additionally, hypertrophic scarring represents another problem because it is 
challenging to treat and impossible to prevent (Sen et al., 2009).  
As an alternative to blood-vessel mediated oxygen perfusion, our group has developed the 





idea behind this project is to deliver oxygen in situ by inducing localized photosynthesis through the 
co-culture of C. reinhardtii into the Integra matrix scaffold. 
It has previously been shown that the photosynthetic microalgae C. reinhardtii may be co-
cultured with murine fibroblast and incorporated into the Integra matrix bilayer skin as a scaffold. 
Then, the oxygen concentrations in normoxic and hypoxic conditions were measured in the 
photosynthetic scaffold. This first study was demonstrated that the algae and human cells could 
proliferate together, and the constant delivery of oxygen in response to light is possible (Hopfner et 
al., 2014).  
The second step was the evaluation of this photosynthetic scaffold for in vivo transplantations 
in mice.  In order to do that, the scaffolds containing C. reinhardtii was prepared to be implanted in a 
full-skin defected model. This experiment has demonstrated that the chimeric tissues (mammalian and 
photosynthetic cells) survived for at least five days, the algae keep its photosynthetic activity, and the 
vascularization was possible in the presence of the microalgae; also the algae do not have any effect 
in the immune system of the mice or zebrafish (Schenck et al., 2015) as well in a fully 
immunocompetent mouse skin defect (Chavez et al., 2016).  
In a third study, our group aimed at engineering transgenic C. reinhardtii microalgae, which 
would be capable of secreting angiogenic growth factors besides oxygen. For that reason, the codon-
optimized sequences for VEGF, PDGF, and SDF-1 were incorporated into the nuclear genome of this 
microalgae. The transgenic algae strains were able to secrete the human growth factors, and these 
angiogenic proteins were biologically active. Furthermore, the transgenic strains could be seeded, not 
only in dermal scaffolds but also in surgical sutures  (Centeno-Cerdas et al., 2018; Chavez et al., 2016).  
Despite these excellent results, the recombinant growth factors yields varied among the 
transgenic strains. Notably, the low concentrations of hPDGF and hSDF-1 in the algae supernatant 
prevented any further bio-functional analysis (Centeno-Cerdas et al., 2018). Thus, the standardization 
and optimization of the expression platform in C. reinhardtii are crucial; this platform will allow us to 
create a catalog of transgenic strains that express and secretes different growth factors that are 
essential for the wound healing process.    
Also, the cumulative effect of the angiogenic proteins and its role during the wound healing 
process makes a significant important attempt to increase the expression and secretion yields of the 
recombinant human growth factors from C. reinhardtii. In this way, the possibilities for wound 
treatment can be improving and increasing.  




2. Aims of this work 
 
The present work aims to explore the possibility of increasing the biotechnological platform to 
improve and expands the catalog of recombinant strains that could be used to supply oxygen and 
therapeutic molecules in situ. To make them available for future biotechnological applications. It is 
hypothesized that by standardizing the microalgae-based platform to express recombinant proteins 
from the C. reinhardtii nucleus, will be guaranteed the expression and the efficient secretion of pro-
angiogenic proteins; thus, the possibilities for wound treatment will improve.  
One specific goal was to perform an exhaustive screening of expression vectors in combination 
with mutant strains was analyzed to determine the best platform to express and secrets hVEGF-165 
from C. reinhardtii, which allows achieving high yields of this recombinant growth factor. Molecular 
characterization of the transgene integration and transcription of the protein in the nuclear genome 
of the microalga should be assessed, as well as protein expression and secretion rates for each 
transgenic strain. 
The promising results for the optimized platform expressing hVEGF-165 were used to develop a new 
transgenic strain to express hTGF-β3 and to optimize the existing hPDGF-B and hSDF-1 strains, then, 
the current strain catalog will be improved. For each transgenic strain, the best expressing and 
secreting clone should be identified by biochemistry characterization, and secretion yields of the 
growth factors must be estimated. 
 As previously mentioned, the recombinant proteins bio-functionality is remarkably crucial to 
therapeutic applications. Thus, the biological activity of the growth factors secreted by the transgenic 
strains was evaluated through the in vitro detection and quantification of the respective 
phosphorylated receptors and by the synergy effect of the growth factors assessing a tube formation 
assay.




3. Material and Methods 
 
3.1. Materials  
This section provides an overview of the main materials used in this study. A summary of the 
material suppliers is presented in Table 3. 
Table 3. List of all suppliers for chemicals, enzymes and laboratory equipment 
Supplier Address 
AppliChem AppliChem GmbH, Darmstadt, Germany 
ATCC ATCC, Manassas, VA, USA 
Berthold Technologies Berthold Technologies GmbH & Co. KG, Bad Wildbad, Germany 
BD Biosciences Becton, Dickinson and Company,  Franklin Lakes, NJ, USA 
Biozym Biozym Diagnostik GmbH, Hameln, Germany 
BioRad BioRad Laboratories, München, Germany 
Clear Line Kisker Biotech GmbH & Co. KG, Steinfurt, Germany 
Cell Signaling Cell Signaling Technology, Inc., Danvers, MA, USA 
Dianova Dianova GmbH, Hamburg, Germany 
Ibidi Ibidi GmbH, Martinsried, Germany 
IDT Integrated DNA Technologies, Inc., Coralville, IA, USA 
Lonza Lonza Group, Basel, Switzerland 
MACS Miltenyl Biotec Miltenyi Biotec GmbH, Bergisch Gladbach, Germany 
Metabion Metabion international AG, Martinsried, Germany 
Millipore Millipore Corp., Bedford, USA 
Miltenyi Biotec Miltenyi Biotec GmbH, Bergisch Gladbach, Germany 
MERCK Merck & Co., Kenilworth, NJ, USA 
NIPPON Genetics  NIPPON Genetics EUROPE GmbH, Dueren, Alemania 
Pierce Pierce, Rockford, USA 
Promocell Promocell, Heidelberg, Germany 
R&D Systems R&D Systems, Minnesota, USA 
Roche Roche, Basel, Switzerland 
ROTH C. Roth GmbH & Co, Karlsruhe, Germany 
Serva Serva Feinbiochemika, Heidelberg, Germany 
Sigma Sigma Chemical Company, St. Louis, USA 
Thermo Scientific Thermo Scientific, Rockfold, USA 
Whatman Whatman Paper, Maidstone, England 
Zeiss Carl Zeiss MicroImaging GmbH, Göttingen, Germany 





The enzymes were used with specific buffer systems supplied by the corresponding companies. 
Restriction enzymes were bought from Thermo Scientific, Protease Inhibitor cocktail (Leduc et al., 
2016) from BD Biosciences. 
 
3.1.2. Oligonucleotides 
All oligonucleotides were ordered from Metabion or Sigma. Lyophilized oligonucleotides were 
resuspended in sterile ddH2O to a final concentration of 100 μM and stored at -20°C. Sequences of 
used oligonucleotides are denoted in respective chapters in Methods. 
 
3.1.3. DNA-Vectors 
DNA-vectors used in this work are listed in Table 4 
Table 4. List of DNA-vectors used 
Plasmid Description Reference 
pJET1.2/blunt 
 
Cloning vector; confers ampicillin resistance in E. coli  Thermo Scientific 
pBC1-VEGF pBC1 expression vector containing the C. reinhardtii codon 
adapted VEGF coding sequence (pBC1_V) under control of the 
PsaD 5' and 3' UTRs; confers paromomycin resistance in C. 
reinhardtii by expression of the APHVIII gene and ampicillin 
resistance in E. coli 




pBC1 expression vector containing the C. reinhardtii codon 
adapted PDGF and SDF coding sequence (pBC1_P and pBC1_S) 
under control of the PsaD 5' and 3' UTRs; confers paromomycin 
resistance in C. reinhardtii by expression of the APHVIII gene and 
ampicillin resistance in E. coli 
(Centeno-Cerdas et 
al., 2018) 
pOpt-mVenus pOpt expression vector containing the C. reinhardtii codon 
adapted VEGF, and TGF coding sequence (pOpt_V and pOpt_T) 
under control of the (HSP70A)-(RBSC2) fusion promoter, along 
with the Rubisco small subunit intron 1 (HSP70A-RBCS2-i1) and 
RBCS2 3′ untranslated region; confers paromomycin resistance in 
C. reinhardtii by expression of the APHVIII gene and ampicillin 
resistance in E. coli 
(Lauersen et al., 
2015) 
 




3.1.4. Reaction systems (Kits) 
The following kits were used in this study, according to the manufacturer's protocols: 
• CloneJET PCR Cloning Kit (Fermentas). 
• TriReagent (Sigma)  
• Human VEGF DuoSet ELISA kit, Human PDGF-BB DuoSet ELISA kit, Human CXCL12/SDF-1 DuoSet 
ELISA kit, Human TGF-beta 3 DuoSet ELISA kit, Human Phospho-VEGF R2/KDR DuoSet IC ELISA kit, 
and Human Phospho-PDGFR-β, DuoSet IC ELISA kit (R&D Systems) 
• Phospho-CXCR4 (Ser339) Colorimetric Cell-Based ELISA Kit and Smad2 (Phospho-Ser467) 
Colorimetric Cell-Based ELISA Kit (Assay Biotech) 
 
3.1.5. Membranes 
Nitrocellulose membranes were obtained from AppliChem, PVDF-membranes from BioRad, 
and positively charged Nylon membranes from Roth. 
 
3.1.6. Antibodies 
The antibodies list used in this work is listed in Table 5. 
Table 5. List of antibodies and respective titers used in this research work 
Antibody Dilution Origin Catalogue No. Company  
Primary antibodies 
α-VEGF 1:1000 Rabbit ab52917 Abcam 
α-VEGFR 1:1000 Rabbit 2479S Cell signaling 
α-pVEGFR 1:1000 Rabbit 2478S Cell signaling 
Secondary antibodies 
α-rabbit IgG HRP 1:5000 Goat 111-030-003 Dianova 
 
3.1.7. Bacterial strains 
Recombinant plasmids were propagated in Escherichia coli (E. coli) strain XL1-Blue [endA1 
gyrA96 hsdR17 lac recA1 relA1 supE44 thi-1F´proAB lacIq Z_M15 Tn10(Tetr)] (Stratagene) or DH5α. 
 
3.1.8. C. reinhardtii strains 
The ultraviolet mutagenized (UVM) strains, cell-wall deficient cw15-30-derived UVM4, and 
UVM11 (Neupert et al., 2009) were used in the present work. 
 




3.1.9. Cell lines 
The cell lines used in this work are listed in Table 6 
Table 6. List of cell lines 
Cell line Description Catalogue No Company 
HUVECs Human umbilical vein endothelial cells  C-12203 Promocell 
hASCs Human adipose-derived stem cells PT-5006 Lonza 
NIH-3T3 Murine fibroblast (embryo) CRL-1658™ ATCC 
 
  






3.2.1. C. reinhardtii cell culture 
The cell-wall deficient, arginine phototropic, cw15-30-derived UVM4 or UVM11 C. reinhardtii 
strains (Neupert et al., 2009) and derived transgenic strains were grown mixotrophically at 23˚C on 
either solid Tris Acetate Phosphate (TAP) medium or in liquid TAPS-medium supplemented with 1% 
(w/v) sorbitol (Harris et al., 2009) under standard culture conditions (23˚C, constant illumination at 30 
µE·m-2·s-1 and agitation at 120 rpm). Plate cultures were refreshed once a month, or according to the 
experimental needs in order to maintain the optimal metabolic state of the microalgae. 
 
3.2.2. Bacteria cell culture 
Recombinant plasmids were propagated in Escherichia coli (E. coli) strain XL1-Blue or DH5α. 
Bacteria were grown in LB liquid medium (1% peptone, 1% NaCl, 0.5% yeast extract, pH 7.0) or 1.5% 
agar LB-plates under standard conditions (37˚C, 150 rpm). For selection media, proper amounts of 
antibiotics were added under sterile conditions after the media was cooled down to approximately 
60°C after autoclaving. 
 
3.2.3 Construction of transformation vectors 
 
3.2.3.1 pBC1 vector derivatives 
The pBC1-CrGFP (pJR38, Neupert et al., 2009)-derived vectors pBC1_VEGF-165, pBC1_PDGF-B 
and pBC1_SDF-1, which were described previously (Chavez et al., 2016; Centeno-Cerdas et al., 2018) 
and have been used to create C. reinhardtii UVM4 transgenic strains secreting the human growth 
factors hVEGF-165 (pBC1_V-4), hPDGF-B (pBC1_P-4) and hSDF-1 (pBC1_S-4), respectively, were 
transformed into the UVM11 strain (pBC1_V-11, pBC1_P-11, pBC1_S-11). Briefly, the synthetic human 
genes with sequences adapted to the codon usage of C. reinhardtii (GenBank Accession No.: 
MN496135, MN496136, MN496137) were cloned into the pBC1-CrGFP vector backbone via its NdeI 
and EcoRI restriction sites, thereby replacing the CrGFP cassette between the endogenous PsaD 5’ and 
3’ UTRs (Fig. 1). The coding sequence for the synthesis of hTGF-β3 was amplified by PCR from the 
construct pOpt_TGF-11, using synthetic primers to add a stop codon and the restriction sites NdeI and 
EcoRI, enabling the insertion into the pBC1-CrGFP (pJR38, Neupert et al., 2009).  The PCR product was 
inserted into the backbone of the pBC1 vector under the same regulatory elements as the human 
growth factors that we previously reported (Chavez et al., 2016; Centeno-Cerdas et al., 2018). For 
secretion of the recombinant proteins, the sequence encoding the 21-amino-acid leader peptide of 




the C. reinhardtii extracellular enzyme arylsulfatase (ARS2, Cre16.g671350, Phytozome, release C. 
reinhardtii v5.5) was inserted upstream of the protein-coding sequence. The vectors also carried the 
APHVIII resistance gene, providing for selection on paromomycin. 
3.2.3.2. pOpt vector derivatives 
The coding sequence for the synthesis of hVEGF-165 (GenBank Accession No. NP_001165097) 
was amplified by PCR from the construct pBC1_VEGF-165, using synthetic primers to add a stop codon 
and restriction sites for BglII and EcoRI to enable their insertion into the basis vector 
pOpt_mVenus_Paro (Lauersen et al. 2015). The PCR product was then inserted into the pOpt 
expression cassette between the HSP70A-RBCS2-i1 promoter and the RBCS2 3’ UTR, and downstream 
of the sequence encoding the 23-amino-acid leader peptide of C. reinhardtii periplasmic enzyme 
carbonic anhydrase 1 (cCA1, Cre04.g223100, Phytozome, release C. reinhardtii v5.5) that enables the 
proteins to be secreted into the culture medium. The resulting construct was named pOpt_VEGF-165. 
To create the construct pOpt_VEGF-165-strep (pOpt_VEGF-165-s), the hVEGF-165 coding sequence 
was amplified using PCR primers that added the same restriction sites but obliterated the stop codon 
sequence, thus allowing for translation of the sequence encoding the C-terminal Strep-tag (amino acid 
sequence: WSHPQFEK). The sequences of the primers used for cloning experiments were  VEGF-BglII-
fw; VEGF-EcoRI-rev; VEGF-EcoRI-rev2. The synthetic human gene for hTGF-β3 with sequence adapted 
to the codon usage of C. reinhardtii (GenBank Accession No.: P_10600) was cloned into 
pOp_mVenus_Paro backbone via its BglII and EcoRI restriction sites, in the same cloning site as hVEGF-
165 to create the construct pOpt_TGF-β3 (pOpt_T-11). All constructs were verified by sequencing 
before C. reinhardtii transformation. Table 7 summarizes the primer-sequences used in this section. 
 





Table 7. Sequences of the oligonucleotides-primers used for cloning experiments 




TGFb3 BglIIfw  AGATCTGCGCTGGACACCAACTACT  




3.2.4. Transformation of C. reinhardtii 
C. reinhardtii UVM4 or UVM11 cultures were grown to mid-log phase under standard 
conditions. Then,  1·107 cells were suspended in a volume of 1 ml and vortexed with glass beads (diam. 
0.5 mm) for 20 s in the presence of 5 µg plasmid DNA. The following incubation overnight under low 
light levels, the cells were grown under standard levels of illumination on TAP-Agar plates containing 









































Figure. 4:  Transgenic constructs to generate hVEGF-165-expressing C. reinhardtii strains. 
Schematic representation of vectors coding for hVEGF-165 used to generate the transgenic algal 
strains. The correct insertion of the codon-adapted human VEGF into the C.reinhardtii-genome was 
verified by PCR using specific primers for the transgene. RBCS2: CAH1, ARS2, PsaD, P: promoter, p-
















Genomic DNA from 50 ml of C. reinhardtii cells was extracted using 
phenol/chloroform/isoamyl alcohol (25:24:1) (Carl Roth GmbH, Mannheim, Germany) and 
chloroform/isoamyl alcohol (24:1). DNA was then precipitated with ice-cold isopropanol and washed 
twice with ethanol 70%. Pellets were air-dried for 5 minutes and re-suspended in 50 µL H2O. 
Integration of the recombinant gene was confirmed by polymerase chain reaction (PCR) using gene-
specific primers pairs (Metabion GmbH, Planegg, Germany): 5’-GAAGTTCATGGACGTGTACC-3’ and 5’-
TTGTTGTGCTGCAGGAAG-3’, for hVEGF-165 (258-bp product); 5’-AACGCCAACTTCCTGGTG-3’and 5’-
GTGGCCTTCTTGAAGATGGG-3’, for hPDGF-B (164-bp product); 5’- CGTGAAGCACCTGAAGATCC-3’ and 
5’- CTTCAGCTTGGGGTCGATG-3’, for hSDF-1 (103-bp product), 5’-AGATCTGCGCTGGACACCAACTACT-3’ 
and 5’- GAATTCTTAGCTGCACTTGCAGCTC-3’, for hTGF-β3 (321-bp product). The primer sequences for 
the amplification of the psbD sequence (Sigma-Aldrich, Taulfkirchen Germany) were 5’-
CCGTCACCGTCTTCGAATAAT-3’ and 5’-GCTAACAGTATGGCTCACTCTC-3’ for a (440-bp product). 
 
3.2.6. Southern blot 
Genomic DNA from C. reinhardtii cells was extracted from 150-ml cultures of each strain using 
CTAB buffer (2% cetyltrimethylammonium bromide, 100mM Tris-HCl, pH 8,) and 
phenol/chloroform/isoamylacohol (25:24:1) (Carl Roth GmbH, Mannheim, Germany). Aliquots (30 µg) 
of DNA were then digested with  XhoI or BamHI at 37 ˚C for 48 h. Samples were analyzed as described 
before (Chavez et al. 2016), using gene-specific digoxigenin-nucleotide-labelled DNA probes 
(Digoxigenin-11-dUTP alkali-labile, Roche, Basel, Switzerland) obtained using the same primer pairs 
and conditions as for the PCR. Signals were detected using an alkaline-phosphatase-conjugated anti-
DIG antibody (Roche, Basel, Switzerland) and CDP* (Roche) as a reaction substrate. 
 
3.2.7. Northern blot 
To analyze transcript accumulation in the different strains expressing hVEGF-165, 50-ml 
samples of C. reinhardtii cells were harvested at mid-log phase (  3̴×106 cells٠ml-1) by centrifugation 
(4000 g, 15 min, 4°C) and total cellular RNA was extracted using Tri-Reagent® (Sigma Aldrich, 
Darmstadt, Germany). Aliquots (40 µg) of total RNA were electrophoretically fractionated on 
denaturing agarose gels, blotted onto positively charged nylon membranes (Roti®-Nylon plus, pore size 
0.45 µm; Carl Roth GmbH, Karlsruhe, Germany), hybridized to gene-specific digoxigenin-nucleotide 
labeled DNA probes and visualized as described above. 
 




3.2.8. Protein isolation and western blot of recombinant proteins 
To quantify the expression level of the hVEGF-165 protein, C. reinhardtii cells were inoculated 
in triplicate into 100 ml of TAPS and incubated under standard conditions for approximately 4 to 5 days 
or until they reached a density of 107 cells·ml-1. Supernatants were collected and passed through a 
0.22-µm filter (ClearLine®, Kisker Biotech GmbH & Co. KG, Steinfurt, Germany), and then centrifuged 
(3000 g, 40 min) through Amicon®Ultra-15 30K filter units (Merck Millipore Ltd., Carrigtwohill, Ireland) 
to concentrate the recombinant protein to a final volume of 250 μl. Protein amounts were determined 
with the Bradford assay (Roti®-Quant, Carl Roth GmbH) according to the manufacturer’s instructions. 
Then, 15-µg aliquots of protein were denatured at 95 ˚C for 5 min in the presence of reducing loading 
buffer Roti®Load-1 (Roth GmbH), fractionated by SDS-PAGE (12 % acrylamide), and transferred to 
nitrocellulose membranes (0.45 μm, AppliChem GmbH, Darmstadt, Germany). Commercially available 
recombinant hVEGF-165 was loaded in parallel as a positive control (Peprotech, Rocky Hill, NJ, USA). 
Protein detection was performed using a monoclonal rabbit anti-VEGF primary antibody (1:1000 
dilution, ab52917, Abcam plc, Cambridge, UK) and a goat anti-rabbit HRP secondary antibody (1:5000, 
Dianova GmbH, Hamburg, Germany), using the SuperSignal West Pico detection system (Pierce-
Thermo Fisher Scientific Inc., Rockford, IL, USA). 
 
3.2.9. Enzyme-linked immunosorbent assay (ELISA) for the detection of recombinant growth 
factors 
C. reinhardtii cells were inoculated in triplicate into 25 ml TAPS-liquid cultures and incubated 
under standard conditions for approximately 4 to 5 days or until they reached a cell density of 107 
cells·ml-1. Culture supernatants were collected by centrifugation (5 min, 10,000 g) and stored at -80 °C 
before analysis. The pelleted cells were then resuspended to a density of 107 cells in 200 µl of lysis 
buffer (100 mM Tris-HCl, 10 mM EDTA, 0.5 % Triton-X-100, 25 mg·ml-1 pepstatin, 25 mg·ml-1 leupeptin, 
25 mg·ml-1 aprotinin) and disrupted by vortexing with glass beads (diam.: 0.5 mm). The protein 
concentration in the supernatant was determined by the Bradford assay (Roti®Quant, Carl Roth 
GmbH), and with the PierceTM BCA Protein assay (Thermo Scientific) in the protein lysates, both 
according to the manufacturer’s instructions. For recombinant protein quantification in the medium 
samples (supernatant) and lysates (cells), the human VEGF DuoSet ELISA kit, human PDGF-BB DuoSet 
ELISA kit, human CXCL12/SDF-1 DuoSet ELISA kit and human TGF-beta 3 DuoSet ELISA kit (R&D 
Systems, Minneapolis, MN, USA) were used according to the manufacturer's instructions. The 
secretion and retention ratios were calculated from the normalized growth factor concentrations 
determined in the supernatant and the cell lysate, respectively (total concentration of growth factor 
(100%) = growth factor concentration in cell culture supernatant pro µg total protein + growth factor 
concentration in cell lysate pro µg total protein).  




3.2.10. Bioactivity of the recombinant protein 
 
3.2.10.1. Recovery of the recombinant protein from the culture supernatant 
Triplicate samples of C. reinhardtii were cultured under standard conditions in 150 ml TAPS-
liquid cultures until they reached a density of 1·107 cells·ml-1. In order to obtain concentrates with 
comparable amount of different growth factors, based on previous experience, different volumes of 
culture-supernatant were filtered and concentrated (30mL pBC1_V-4 and pBC1_v-11, 60mL pOpt_V-4 
and pOpt_V-11, 150mL pOpt_Vs-4 and pOpt_Vs-11, 60mL pBC1_P-4 and pBC1_P-11, 150mL pBC1_S-4 
and pBC1_S-11 and 150mL pBC1_T-11 and pOpt_T-11).  Filtration units capable of retaining peptides 
above 30kD, Amicon®Ultra15 30K (Merck Millipore Ltd., Carrigtwohill, Ireland) were used to recover 
hVEGF-165 and hPDGF-B, while the Amicon®Ultra-15 10K (Merck Millipore Ltd.) was used to recover 
hSDF-1 and hTGF-β3. Then, in a final filtration step, the diluent was changed to cell starvation medium 
(AIM-V serum-free media with stable glutamine, streptomycin sulfate (50 µg/ml) and gentamycin 
sulfate (10µg/mL) (Life Technologies, New York, USA) for HUVECs, or RPMI 1640 (with stable glutamine 
and 2.0 g/L NaHCO3, Biochrom, Berlin, Germany) supplemented with 1% fetal calf serum (heat-
inactivated FCS, Biochrom GmbH, Berlin, Germany) for hASC. The total protein content of this 
conditioned medium was assessed by Bradford quantification (Roti®Quant, Carl Roth GmbH), whereas 
the amount of recombinant protein (hVEGF-165, hPDGF-B, hSDF-1, and hTGF-β3) was quantified by 
ELISA. 
 
3.2.10.2. Cell culture of human endothelial progenitor cells 
Human umbilical vein endothelial cells (HUVECs) were purchased (Promocell, Heidelberg, 
Germany) and maintained in supplemented Endothelial Cell Growth Medium 2 (Promocell, Heidelberg, 
Germany) with 1% penicillin/streptomycin (Biochrom, Berlin, Germany) under standard cell culture 
conditions (37 °C, 5% CO2). For all experimental settings, cells from passages 2-5 were used. 
 
3.2.10.3. Cell culture of mesenchymal stem cells 
Human Adipose-derived Stem Cells (hASCs) were purchased (PT-5006, Lonza, Basel, 
Switzerland), and maintained in StemMACS™ MSC Expansion Media (Miltenyi Biotec GmbH, Bergisch 
Gladbach, Germany) supplemented with 1% antibiotic/antimycotic (100x ab/am; Capricorn Scientific, 
Ebsdorfergrund, Germany). For all experimental settings, cells from passages 2-5 were used. 
 




3.2.10.4. Cell culture of 3T3 murine fibroblast 
Murine fibroblast NIH/3T3 (3T3) were purchased (ATCC® CLR-1685™, ATCC, Manassas, VA, 
USA) and kept in Dulbecco's modified Eagle medium (DMEM; Biochrom) supplemented with 20% fetal 
calf serum (FCS; PAA, Pasching, Austria).  For all experimental settings, cells from passages 20-23 were 
used. 
 
3.2.10.5 Receptor phosphorylation assay 
To evaluate the biological activity of hVEGF-165, a receptor phosphorylation assay was 
performed. For this purpose, 1·105 HUVECs per well were cultured for 24 h in 12 well plates and then 
starved for 16 h before activation. Cells were then stimulated for 5 min, with either 50 ngml-1 
recombinant hVEGF-165 (Preprotech, NJ, USA) or concentrated protein supernatants of the genetically 
modified or wild-type strains cultures with either the same amount of total protein or the same 
amount of recombinant hVEGF-165. The same procedure was performed to evaluate the biological 
activity of hSDF-1, but the cells were stimulated for 10 min, with 2ngml-1 recombinant hSDF-1 
(Prepotech). To evaluate the biological activity of hPDGF-B 1·105 hASCs per well were cultured for 24 
h, starved for 16 h before activation by cultivation in RPMI medium, then the cells were stimulated for 
5 minutes with 20 ngml-1 recombinant hPDGF-B (Prepotech). Finally, for the assessment of the 
biological activity of hTGF-β3 1·105 3T3’s per well were cultured for 24h in 96 well plates, starved for 
16h before activation by cultivation in RPMI medium, then stimulated for 19 minutes with 10ngml-1 
recombinant hTGF-β3 (Prepotech). 
Cells were then snap-frozen by submerging the plate in liquid nitrogen and lysed in RIPA-buffer 
with phosphatase inhibitors (Phosphatase Inhibitor Mini Tablets; Pierce-Thermo Fisher Scientific Inc, 
IL, USA) and proteinase inhibitors (PIC, BD Pharmingen, NJ, USA; Pefabloc SC-Protease Inhibitor, Carl- 
Roth, Karlsruhe, Germany; cOmplete, Roche, Basel, Switzerland; and PMSF, SigmaAldrich, MO, USA). 
Cells were scratched from the well-floor, and lysates were homogenized by pipetting up and down and 
stored at −80 °C for further analysis.  
 
3.2.10.5.1. Western blot for receptor phosphorylation assay 
For western blot analysis, equal protein amounts were loaded in 7.5% acrylamide gels (Mini-
PROTEAN®TGX Stain-FreeTM Precast Gels, Bio-Rad Laboratories, California, USA) and separated by gel-
electrophoresis under reducing conditions and then blotted to PVDF-membranes (Immun-Blot®PVDF 
Membrane, Bio-Rad Laboratories, California, USA). The primary mononuclear antibodies rabbit mAb 
anti-VEGFR-2 (55B11) (Cell-Signalling MA, USA) and rabbit mAb anti-phospho-VEGFR-2 (Tyr1175) (Cell-
Signalling MA, USA) and rabbit mAb anti-PDGFR-β (C82A3) (Cell-Signaling) and rabbit mAb anti-




phospho-PDGFR-β (Tyr751) (Cell-Signaling), and the secondary goat-anti-rabbit (1:5000, Dianova 
GmbH, Hamburg, Germany) were used for the detection of the phosphorylated and non-
phosphorylated receptor epitope, respectively, with overnight incubation periods. ClarityTM Western 
ECL Substrate (Bio-Rad Laboratories, California, USA) was used as a detection system. Pixel intensity 
quantification was performed with the Image Lab software (Bio-Rad Laboratories, California, USA). 
 
3.2.10.5.2. ELISA receptor phosphorylation assay 
Detection of receptor and phospho-receptor was performed in a semi-quantitative way by 
using a Human Phospho-VEGF R2/KDR DuoSet IC ELISA kit and Human Phospho-PDGFR-β, DuoSet IC 
ELISA kit (DYC1767-2 and DYC1766-2, R&D Systems, Minneapolis, MN, USA) according to the 
manufacturer’s instructions. For hSDF-1, Phospho-CXCR4 (Ser339) Colorimetric Cell-Based ELISA 
Kit and for hTGF-β3, Smad2 (Phospho-Ser467) Colorimetric Cell-Based ELISA Kit (CBP1352 and 
CBP1029, Assay Biotech, San Diego, CA, USA) were used according to manufacturer’s instructions. 
HUVECs were used to test the recombinant hVEGF-165 and hSDF-1 bio-functionality, whereas hASCs 
were used for the hPDGF-B experiments, and 3T3s were used for the hTGF-β3. As positive controls, 
cells were then stimulated with either 50  ngml-1 recombinant hVEGF-165 for 5 min (Preprotech, NJ, 
USA), 20 ngml-1 recombinant hPDGF-B for 5 min (Prepotech, NJ, USA), 2ngml-1 recombinant hSDF-1 
(Preprotech, NJ, USA), and 10ngml-1 recombinant hTGF-β3 (Preprotech, NJ, USA), for 10 min. 
Concentrated protein supernatants of the genetically modified or wild-type strains cultures had either 
the same amount of total protein or the same amount of recombinant protein according to the 
experiment.  
 
3.2.11. Angiogenesis assay 
 
3.2.11.1. Preparation of the conditioned mediums 
For the preparation of conditioned medium for the angiogenesis tube formation assay, the 
recipient (UVM4 and UVM11) and transgenic C. reinhardtii cells were cultured (alone or in co-
cultivation) in volumes that were adjusted to maintain the same cell density in all experimental 
samples (e.g., double volume when co-culturing two strains). Supernatants were collected from the 
cultures at a cell density of 1107 cellsml-1 and mixed in a 1:1 ratio with AIM-V medium (Life 
Technologies, NY, USA). Commercially available recombinant growth factors were used as positive 
controls at the following concentrations: hVEGF-165, 30 ngml-1; hPDGB-B, 20 ngml-1 and hSDF-1, 10 
ngml-1. Besides, AIM-V medium was used as a negative control to normalize the results from each 
independent experiment. 




3.2.11.2. Tube formation assay 
Confluent HUVECs were starved (AIM-V medium, Life Technologies) 24h before the 
experiment. Matrigel (Corning®Matrigel® Growth factor reduced, Tewksbury, MA, USA) was thawed 
on ice overnight, used to coat µ-Slide Angiogenesis (Ibidi, Martiensried, Germany) and allowed to 
polymerize for 1h at 37 °C. Then, 10µL aliquots of HUVECs (1·106 cells·ml-1) were seeded on the 
Matrigel-coated slide, and 40µL of conditioned mediums or controls were plated onto the Matrigel 
layer and incubated for 4 to 6 h (37 °C, 5% CO2). Finally, viable cells were distinguished from dead cells 
by staining with Calcein AM/Propidium iodide live/dead-staining (1.6µM Calcein, 3µM Propidium 
iodide), which was directly added to each well and incubated for 5min at 37°C before imaging the cells 
on a fluorescence contrast microscope (Axiovert 25, Carl Zeiss AG, Oberkochen, Germany). Loop-
formation was quantitatively determined by computer-assisted image analysis using ImageJ software 
(Schneider et al., 2012). 
 
3.2.12. Statistical analysis 
All results presented were obtained from at least three independent experiments and are 
expressed as means ± standard deviation. To determine the statistical significance of differences 
between groups, one-way ANOVA tests were performed using the GraphPad Prism 8.0 software (San 





4. Results  
 
4.1. Transformation of C. reinhardtii to express hVEGF-165 
 
4.1.1. Using different expression vectors 
Our group previously demonstrated the use of transgenic photosynthetic microalgae to deliver 
bioactive molecules and oxygen to wounds, when they are combined into biomaterials (Centeno-
Cerdas et al., 2018; Chavez et al., 2016). The focus of the work pretended here is to evaluate different 
strategies that could help to engineer efficient genetically modified microalgae, capable of high 
transgene expression and high recombinant pro-angiogenic growth factors yields. 
hVEGF-165 plays a central role in the angiogenic process, and in our previous study, this growth 
factor led to the best results regarding expression and bio-functionality. For those reasons, hVEGF-165 
was selected as a target gene to evaluate six vector-strain combinations available for the production 
of human recombinant proteins in C. reinhardtii. Thus, the mutants strain UVM4 and UVM11, which 
improved the nuclear transformation efficiency, and the expression vectors pBC1 and pOpt were 
tested (see section methods 3.1.3 and 3.1.8, for details). 
To compare the efficiency of the vectors pBC1 and pOpt, regarding transgene expression and 
recombinant protein yield, the vectors pBC1_V and pOpt_V were created to generate C. reinhardtii 
strains expressing hVEGF-165. The cDNA sequence of the growth factor was codon-optimized and 
amplified with specific primers (Table 7., section methods 3.2.3.2.) that allowed its insertion into the 
respective expression cassettes, thereby maintaining the regulatory elements provided by each 
construct. Besides, a variation of hVEGF-165 was designed to include a short-affinity tag (Strep-tag) 
and cloned into the pOpt-construct (pOpt_Vs) to generate a version of the growth factor that would 
be easy to purify later on. Moreover, to assess if there was a significant advantage using one mutant 
strain or other, both strains UVM4 and UVM11, were used to create hVEGF-165 strains. Also, the 
previously generated pBC1_V UVM4-derived strain was used as a reference for the findings in this 
work, except for the transformation efficiency experiments. Thus, a total of six different construct-
strains combinations were compared pOpt_Vs-4, pOpt_Vs-11, pOpt_V-4, pOpt_V-11, pBC1_V-4, and 






Table 8. Summary of the hVEGF-165 C. reinhardtii transgenic strains generation efficiency obtained 
with each plasmid. 
 pOpt_Vs-4 pOpt_Vs-11 pOpt_V-4 pOpt_V-11 pBC1_V-11 
Transformants 220 250 220 213 253 
Transgenic 112(51%) 210 (84%) 147 (67%) 114 (54%) 171 (68%) 
Secreting 35 (31%) 99 (47%) 39 (27%) 28 (25%) 147 (86%) 
 
Regarding the transformation efficiency for each construct or strain, it was possible to get at 
least 200 clones from each combination, where the maximum number of clones was pOpt_Vs-11 (250 
clones), and the minimum was pOpt_V-11 (213 clones) (Table 8.). However, after screening by PCR, 
remarkable differences were observed in the number of transformants that integrated the hVEGF-165 
sequence. The results showed that the construct-strain combination pOpt_Vs-11 reached the highest 
integration rates (84%); meanwhile, the lowest value corresponded to the pOpt_Vs-4 (51%). The other 
combinations pOpt_V-4, pOpt_V-11 and pBC1_V-11 showed intermediate values of 67%, 54% and 
68%, respectively.  
Next, the secretion of the recombinant proteins into the medium was analyzed by ELISA (Table 
8.). Here, the results showed higher differences in the secretion efficiency between each construct-
strain combination, where the most efficient combination was the pBC1_V-11 since 86% of its 
transformants were able to secrete VEGF-165 in detectable levels into the medium, followed by 
pOpt_Vs-11 with 47% and pOpt_Vs-4 with  31%. The lowest rates were achieved by pOpt_V-4 and 





Furthermore, to analyze these differences in the secretion yields, the dispersion of the data was 
assessed according to each construct-strain combination (Fig. 5).   
According to these results, only a few clones of each combination reached suited secretion 
levels of the recombinant protein hVEGF-165, for further applications. For the pBC1_V-11 combination 
only 2.72% were in the upper 25% percentile (Fig. 5E), for pOpt_V-11 only 1.75% reached the highest 
yields (Fig. 5D), for the combinations pOpt_V-4, pOpt_Vs-4 and pOpt_Vs-11 this values were even 
lower (Fig. 5 A-C) with only 0.7%, 0.9% and 0.5%, respectively. From each construct-strain combination, 
Figure. 5:  Histogram representation of the transgenic clones generated with each construct. Culture 
supernatants from the hVEGF-165 transgenic clones generated using the pOpt_Vs-4 (A), pOpt_Vs-11 
(B), pOpt V-4 (C), pOpt_V-11 (D) and pBC1_V-11 (E) were analyzed by ELISA to quantify the 
concentration of the recombinant growth factors. Data were then ordered to represent the 





the clone that secreted the highest amount of growth factor in this initial ELISA screening was selected 
for all the further experiments. 
 
 4.2. Molecular characterization of hVEGF-165 C. reinhardtii transgenic clones 
 
4.2.1. Integration of the hVEGF-165 gene in C. reinhardtii 
The correct insertion of the transgenes into the genome of the strains was evaluated first by 
PCR using transgene targeted primer-pairs (Fig. 6A), and the psbD gene was used as a control (used 
primers are described in section 3.2.4). Since the copy number of the inserted genes is essential 
information for further molecular evaluation, Southern blot analysis was performed to determine this. 
Then, a specific hybridization probe was used to detect the hVEGF-165 gene in the different strains 
(Fig. 6B).  
 
Figure. 6:  hVEGF-165 transgene integration in C. reinhardtii. The DNA coding sequence for hVEGF-
165 was inserted into the nuclear genome of C. reinhardtii. (A) The correct size of the codon adapted 
human VEGF was verified by PCR using specific primers for the transgene. Non-transformed wild type 
alga was used as a negative control and the algae psbD-gene as a positive control of the reaction. (B) 
The number of integrated copies of the hVEGF-165-coding transgene was verified by Southern blot. 
Total DNA was digested with the restriction enzymes XhoI and BamHI and separated by agarose gel 
electrophoresis. Wild type strains (UVM 4 and 11) were included as negative controls to test the 
specificity of the hVEGF-165-labelling probe. All the transformants but pOpt_Vs_11, have a single copy 





The PCR results showed that all the mutants integrated the hVEGF-165 gene into their genome. 
The expected size of the transgenic sequences in each construct did not vary much (pBC1-V: 567 bp; 
pOpt-V: 564 bp; pOpt-Vs: 594 bp, 23.1 kD) (Fig. 6A) since the difference between the sequences was 
just given by the different secretion signals and the tag-sequence (Fig. 4). However, when 
transformants were generated, the gene is randomly integrated into the algae genome, which can lead 
to mutants with multiple insertions. The southern blot results showed that in almost all the construct-
strain combinations, only a single copy of the gene was integrated into the C. reinhardtii genome, with 
the only exception being pOpt_Vs-11, where two copies of the hVEGF-165 were detected in both 
digestion assays (Fig. 6B). Therefore, it can be concluded that this particular strain will show different 
results from the other strains that will be analyzed in the next sections.  
 
4.2.2. Accumulation of hVEGF-165 transcripts in C reinhardtii 
Northern blot was performed to elucidate the correlation between transcript abundance and 
secreted recombinant protein levels achieved by each construct-strain combination (Fig. 7), using a 
specific probe for hVEGF-165 coding sequence.  
 
Both pBC1 derived clones showed the highest levels of mRNA transcription rates, where the 
pBC1_V-11 expression levels were significantly the highest. In contrast, all pOpt-derived clones 
performed poorly, in particular, pOpt_Vs-11, where almost no hVEGF-165 mRNA was detected, which 
can be related to the two copies of the gene detected in the southern blot. 
Figure. 7:  Transcript abundance of hVEGF-165 in C. reinhardtii. (A) Transgene transcription was 
verified by Northern blot. RNA samples extracted from wt-strains (UVM4, UVM11) were used as 
negative controls to test the specificity of the hVEGF-165 mRNA labelling probe, rRNA was used as a 
loading control. (B) Chemiluminescence signals were digitally quantified, normalized to a loading 
control (6000 bp band from total RNA gel electrophoresis, lower panel (A)) and averaged from three 
independent experiments. A representative image of three independent experiments is shown. 





4.2.3.  Characterization of recombinant hVEGF-165 expression in C. reinhardtii 
In order to evaluate the protein secretion level of the new strains, the supernatant was 
collected and analyzed by Western blot using the anti-VEGF specific monoclonal antibody to detect 
the recombinant proteins. Also, an ELISA was performed to quantify the secreted proteins and the 
relationship between the protein accumulation and the protein secretion by C. reinhardtii. 
 
 
Relate with the observed at the transcript level, in the Western blot analysis of supernatants 
showed that the secreted recombinant protein was only detectable in the pBC1-derived clones, where 
the anti-VEGF specific monoclonal antibody detected a single band around 22,1 kD corresponding to 
Figure. 8: Protein expression of hVEGF-165 from C. reinhardtii. (A) Western blot analysis of hVEGF-
165 secreted by each C. reinhardtii strain. Equal protein amounts of concentrated culture-supernatant 
samples were separated through SDS-PAGE under reducing conditions. (B) Quantification of secretion 
of hVEGF-165 by each strain. Equal amounts of concentrated culture supernatant samples were 
blotted in a PVDF membrane. The amount of hVEGF-165 in the sample was normalized in reference 
to a commercially available E.coli-expressed recombinant hVEGF-165. (C) Recombinant hVEGF-165 
concentrations in the cell lysates (cells) and algae culture medium (supernatant) were measured by 
ELISA. Results were normalized to the total protein concentration in the samples. The pBC1-clones 
showed significantly higher secreted protein yields compared to all others. (D) Secretion yields were 
calculated from the protein concentrations obtained by ELISA (cells: grey; supernatant: white) and 
proved to be significantly higher for the pBC1-derived clones compared to the worst-performing clone 





the hVEGF-165 monomer. Compared to the commercially available hVEGF-165, the growth factor 
expressed by C. reinhardtii showed a higher molecular weight (Fig. 8A. 22,1 kD versus 19,2kD). These 
differences in size could be explained by the secretion signal tagged to the 5’ coding sequence of the 
gene, the 21 amino acid export sequence of ARS2 (1,97 kD), and also by the post-translational 
modifications of the protein. For an estimation of the amount of recombinant protein in the 
concentrated supernatant, the protein signal was quantified by pixel intensity and normalized to the 
sample of commercially available hVEGF-165 (Fig. 8B). The calculation led to an estimate of 28.5 ± 18.9 
and 42.0 ± 20.5 ng hVEGF-165 for the pBC1-derived UVM4 and UVM11 strains, respectively.  
The culture supernatants and cell lysates were analyzed by ELISA to quantitatively determine 
the amount of recombinant protein expressed and secreted by each clone (Fig. 8C). These results 
showed that the two pBC1-derived clones achieved higher yields of recombinant protein. Remarkably, 
the pBC1_V-11 clone produced superior yields compared to the other clones, including the previously 
characterized pBC1_V-4, where a small but significant increase of 1.3 fold in the secretion yields of 
hVEGF-165 was achieved. However, the pOpt-derived clones were only capable of producing low 
growth factor yields. The secretion and retention ratios calculated from the ELISA results, where the 
supernatants denote the secretion efficiency (white bars) and the retention were given by the cells 
(gray bar) (Fig. 8D). This particular analysis showed that both pBC1-transformants had a more efficient 
secretion ratio compared to the worst secreting clones (pOpt_Vs-4 and pOpt_Vs-11). However, only 
pBC1_V-11 was statistically better regarding the secreting efficiency compared to a non-tagged protein 
(pOpt_V-4 and pOpt_V-11), which is in agreement with the observed in the ELISA results. 
The biological functionality of the recombinant hVEGF-165 secreted by each strain was 
evaluated to identify the capacity of the produced growth factor to bind and phosphorylate the 
receptor VEGFR-2 in the human cells. The binding of the recombinant growth factor to the receptor 
VEGFR-2 induces its auto-phosphorylation. This phosphorylation can be assessed via Western Blot and 
ELISA- semi-quantitative analyses. Then, human endothelial cells (HUVECs) were stimulated with the 
concentrated supernatant of each transgenic algal strain.  This stimulation was normalized either by 









The results showed that the growth-factor produced by the pOpt-strep clones were not able 
to activate the receptor at all, as the ratio of receptor phosphorylation was similar to the negative 
controls (Fig. 9). 
 
Figure. 9:  Bioactivity of hVEGF-165 expressed by C. reinhardtii. The biological activity of the 
secreted recombinant protein was evaluated for each transgenic strain based on the detection and 
quantification of the phosphorylated activated VEGFR-2 via Western Blot analysis (A, C) and ELISA 
(B, D). For this, HUVECs were stimulated with volumes of concentrated algae culture supernatant 
that corresponded to either equal amount of total protein (A, B) or equal amount of recombinant 
hVEGF-165 (C, D). Statistical analysis was performed in regard to the negative control (starvation 
AIM-V medium) and to determine differences among the different strains. A commercially available 






Interestingly, even though the Western Blot results did not reveal any statistical difference 
between the pOpt-encoded and the pBC1-encoded hVEGF-165 (Fig. 9A, B), these differences were 
found significant when the samples were analyzed by ELISA  (Fig. 9C, D). On the other hand, the hVEGF-
165 expressed by the pBC1-derived clones showed the highest phosphorylation activity. Moreover, it 
was comparable to the commercially available (Fig. 9B, D), as no statistical differences were found 
among the treatments when equal amounts of commercial or algal-derived hVEGF-165 were used 
(pBC1_V-4, pBC1_V-11, and c+). Altogether, the results obtained showed that the pBC1-vector and the 
UVM11 strain are the most suitable combination for the production of hVEGF-165 in C. reinhardtii. 
 
4.3. Genetic modification of C. reinhardtii to express hTGF-β3 
To expand our protein catalog of growth factors available for the wound healing treatment, 
both vectors (pBC1 and pOpt), in combination with the UVM11 strain, were tested to assess the 
feasibility of producing hTGF-β3 in C. reinhardtii. 
Table 9. Summary of the transgenic strain generation efficiency obtained 
with each plasmid. 
 pBC1_T-11 pOpt_T-11 
Transformants 285 207 
Transgenic 191(67%) 176(85%) 
Protein secreting 3(1.6%) 1(0.6%) 
Unfortunately, even though the transgene integration ratio were high (pOpt_T-11 67% and 
pBC1T-11 85%, Table.9), the number of clones showing high transgene expression was extremely low  
(1.6% of pBC1_T-11 and 0.6% of pOpt_T-11, Table. 9) 
Considering that only a few clones were able to secret hTGF-β3, the dispersion of the data was 





Also, a wide dispersion in the secretion yield-data was observed for the pBC1_T-11- and  
pOpt_T-11-derived clones, where only  0.5% and  0.6% of the clones reached the upper percentile, 
respectively (Fig. 10 A, B). Here, too, the clone which expressed the highest amount of growth factor 
in this initial ELISA screening was selected for further analysis. 
4.3.1. Characterization of hTGF-β3 in C. reinhardtii  
The correct insertion of the transgenes into the genome of these strains was evaluated by PCR 
using transgene targeted specific primer-pairs (Fig. 11). The results showed that the generated strains 
integrated the respective hTGF-β3 transgene. For this experiment, the psbD gene was also used as a 
control. 
Figure. 10:  Histogram representation of the transgenic clones generated for each recombinant 
growth factor. Culture supernatants from the pBC1_T-11 (A) and pOpt_T-11 (B) transgenic clones were 
analyzed by ELISA to quantify the concentration of the recombinant growth factors. Data were then 
ordered to represent the distribution of the clones according to the amount of secreted each 
recombinant protein. 
Figure. 11:  Integration of transgenes coding for human growth factors in C. reinhardtii. The DNA 
coding sequence for hTGF-β3 were inserted into the nuclear genome of C. reinhardtii. The correct 
insertion of the codon adapted human genes was verified by PCR using specific primers for the 
transgene. A non-transformed wild type algae was amplified as a negative control and algae psbD was 





4.3.2. Characterization of  hTGF-β3 synthesis in C. reinhardtii 
The achieved hTGF-β3 yields were evaluated for each vector system via ELISA in supernatant 
and Chlamydomonas cells.  
The results showed that the pBC1-derived clone was only able to secrete 2.4 fold more protein 
compared to the pOpt derived clone (Fig. 12A; pOpt-T-11: 0.0107± 0.0021 fg hTGF-β3, pBC1_T-11: 
0.0395± 0.0147 fg hTGF-β3). However, when the secretion was analyzed, the pBC1_T-11-clone 
secreted 1.3-times more hTGF-β3 compared to the pOpt_T-11-derived clone (Fig. 12B). Remarkably, 
the secretion efficiency ratios for hTGF-β3 were quite similar to the pBC1_V-11 clone, since the 
pOpt_T-11- and pBC1_T-11-clones secreted 99.8± 0.14% and 99.8± 0.07% of the total protein, 
respectively (Fig. 12.C). 
 To evaluate the biological activity of recombinant hTGF-β3 algae-derived clones, the capacity 
of the produced protein to bind to its receptors pSmad2 was tested. 3T3-Fibroblast were stimulated 
with the same amount (2 ngml-1) of hTGF-β3 from the concentrated culture supernatants or 





Figure. 12:  Recombinant hTGF-β3- expression in C. reinhardtii. The concentration of hTGF-β3 by 
nuclear transformed C. reinhardtii clones was measured by ELISA, in both, cell lysates and culture 
medium samples. Results are normalized to the cell-density (A) and to the total protein in the samples 






In this preliminary data, the bioactivity for the hTGF-β3 expressing clones could not be 
demonstrated, as no statistical differences between the samples (c-, pOpt-, pBC1- derived clones or 
c+) were observed through the ELISA-base semi-quantitative analyses (Fig.13). Then, repeat and 
optimize this experiment is essential for the research. 
 
4.4. Genetic modification of C. reinhardtii to express hPDGF and hSDF-1  
 
To improve the yields of previously reported growth factors expressed by UVM4-derived C. 
reinhardtii (Centeno-Cerdas et al., 2018) and increase the availability of proteins that can be used for 
wound healing therapeutic applications, the UVM11 strain was used to create new clones expressing 
hPDGF-B and hSDF-1.  
 
Table 10. Summary of the transgenic strain generation efficiency obtained 
with each plasmid. 
 pBC1_P-11 pBC1_S-11 
Transformants 218 259 
Transgenic 158 (72%) 200(77%) 










































Figure. 13:  Biofunctionality of hTGF-β3 expressed by C. reinhardtii. Biofunctionality of the 
recombinant growth factor was measured by ELISA by stimulating cells 3T3 fibroblast with 2ng·mL-1  






Interestingly, although the integration rates were quite similar compared to the pBC1_V-11 
(68% Table. 8; pBC1_P 72%, pBC1_S 77%, Table. 10), the fraction of the transgenic clones that secreted 
the recombinant proteins was remarkably low compared to hVEGF-165 clones is higher related to 
hTGF-β3 expressing clones. While with the pBC1_V-11 construct, 58% of the clones secreted the 
protein, only 22% of pBC1_P-11 and 24% of pBC1_S-11-derived clones did (Table 10). 
Additionally, to analyze the expression yields differences, the dispersion of the data was also 
assessed for these clones (Fig. 14). 
 
A wide dispersion regarding secretion yields was observed for these new clones, where just a 
few clones reached the highest secretion yields for each recombinant protein. For instance, with the 
pBC1_P-11-construct, only 0.6% of the clones reached the upper 25% percentile (Fig. 14A), whereas 
with pBC1_S-11 (Fig. 14B) 2.5% of the clones secreted the highest yields. For each construct, the clone 
which expressed the highest amount of growth factor in this initial ELISA screening was selected for 
further analysis. 
4.4.1. Characterization of hPDGF-B and hSDF-1 in C. reinhardtii  
The correct insertion of the transgenes into the genome of these strains was evaluated by PCR 
using transgene targeted specific primer-pairs (Fig. 15). The results showed that the generated strains 
integrated the respective hPDGF-B and hSDF-1 transgene. For this experiment, the psbD gene was used 
as a control. 
Figure. 14:  Histogram representation of the transgenic clones generated for each recombinant 
growth factor. Culture supernatants from the pBC1-derived hPDGF-B (A) and hSDF-1 (B) transgenic 
clones were analyzed by ELISA to quantify the concentration of the recombinant growth factors. Data 
were then ordered to represent the distribution of the clones according to the amount of secreted 







4.4.2. Characterization of the recombinant growth factors expression in C. reinhardtii 
 The supernatants and algae cells were collected and quantified by ELISA to evaluate the 
protein accumulation and calculate the secretion ratios in order to analyze the newly generated clones' 
protein secretion. 
Despite the low number of clones which were capable to express the recombinant proteins 
hPDGF-B and hSDF-1, the new clones UVM11-derived clones (pBC1_P-11 and pBC1_S-11) were able to 
Figure. 15:  Integration of transgenes coding for human growth factors in C. reinhardtii. The DNA 
coding sequence for hPDGF-B and hSDF-1 were inserted into the nuclear genome of C. reinhardtii. (A, 
B) The correct insertion of the codon adapted human genes was verified by PCR using specific primers 
for the transgene. A non-transformed wild type algae was amplified as a negative control and algae 
psbD was amplified as a positive control of the reaction. 
Figure. 16:  Recombinant human growth factors expression in C. reinhardtii. The concentration of 
hPDGF-B and hSDF-1 synthetized by nuclear transformed C. reinhardtii clones was measured by ELISA, 
in both, cell lysates and culture medium samples. Results are normalized to the cell-density (A, D) and 
to the total protein in the samples (B, E). Secretion rates were calculated based on the results obtained 





synthetize and secrete 8.4 and 2.6-times more fg growth factors per cells, respectively, compared to 
the previously obtained transgenic clones (Fig. 16A,D; pBC1-P-4: 0.0043± 0.0005 fg hPDGF-B, pBC1-P-
11: 0.0363 ± 0.0114 fg hPDGF-B, pBC1-S-4: 0.001 ± 0.0006 fg hSDF-1, pBC1-S-11: 0.0026 ± 0.0014 fg 
hSDF-1). 
Furthermore, when comparing the secretion yields of the newly obtained UVM11-derived 
clones with the previous UVM4-clones, the results showed that the UM11-derived clones had a better 
performance. For instance, the pBC1_P-11-clone secreted 5.1-times more than the pBC1_P-4-clone, 
whereas the pBC1_S-11-clone performance was 1.3-fold higher compared to the pBC1_S-4 clone (Fig. 
16 B, E; pBC1-P-4: 6.4 ± 0.5 pg hPDGF-B, pBC1-P-11: 32.9 ± 1.2 pg hPDGF-B; pBC1-S-4: 4.6 ± 2 pg hSDF-
1, pBC1-S-11: 5.78 ± 1.0 pg hSDF-1).  
In contrast, when the secretion-rates of the growth factors were compared to the UVM4-
strains, UVM11-derived clones, the hPDGF-B showed the best performance, but for hSDF-1 the 
secretion-rates were more or less similar in both clones (Fig. 16 C, F: pBC1_P-11: 34.2 ± 3 %, pBC1_P-
4: 14.6 ±  1.2%, pBC1_S-11: 14.8 ± 2.4%, pBC1_S-4: 12 ± 5%). Hence, neither of these two transformants 
reached the secretion-rates of pBC1_V-11 (Fig. 8D, 91.2 ± 1.3%) or the hTGF-β3 expressing clones 
(Fig.12C, 99.8 ± 0.14% and 99.8 ± 0.07%), which means the pBC1-P and pBC1-S clones are the fewer 
efficiencies secreting clones from our catalogue. 
The bioactivity of hPDGF-B and hSDF-1 pBC1-derived clones was also evaluated, analyzing their 
capacity to induce the auto-phosphorylation of their respective receptors. First, hASCs were stimulated 
with the same amount of hPDGF-B (15 ng٠ml-1) from concentrated culture supernatants or 
commercially available protein.  In order to evaluate the bioactivity of hSDF-1, HUVECs were stimulated 
with the same amount of hSDF-1 (2 ngml-1) from the concentrated culture medium or commercially 
















According to the ELISA-based semi-quantitative analysis results, both the algae- and bacteria-
derived hPDGF-B were able to activate the receptor. Moreover, the highest activation was observed 
with the protein secreted by pBC1-P-11; it was lower than with the hPDGF-B standard used as a positive 
control (Fig.17 A). On the other hand, regarding hSDF-1, the recombinant proteins secreted by the 
UVM4- or UVM-11-derived strains showed similar activity compared to the commercially available 
hSDF-1, where no statistical differences could be observed (Fig. 17 B). 
 
4.5. Analysis of the angiogenic effect of the recombinant growth factors in vitro 
 
An in-vitro angiogenesis assay was performed to test the applicability of efficient expressing C. 
reinhardtii transgenic strains and to demonstrate the synergic effect of the three algae-derived growth 
factors to promote endothelial tube-formation and anastomosis. For this, HUVECs were seeded on an 
appropriate extracellular-matrix coating material (Matrigel) and stimulated with supernatants 
obtained from the cultures of transgenic hVEGF-165 C. reinhardtii (pBC1_V-4 and pBC1_V-11), alone 
or in combination with hPDGF-B (pBC1_P-11) and hSDF-1 (pBC1_S-11) secreting algae (Fig. 18). As a 





Figure. 17:  Biofunctionality of growth factors expressed by C. reinhardtii. Biofunctionality of the 
recombinant growth factors was measured by ELISA by stimulating cells (ASCs for hPDGF-B (A), 
HUVECs for hSDF-1(B)) with equal amounts of C. reinhardtii secreted or commercially available 




































































































Figure. 18: Angiogenesis assay. The pro-angiogenic effect of conditioned media prepared with 
concentrated supernatants of hVEGF-165-expressing UVM4 and UVM11 C. reinhardtii strains (pBC1_V-
4, pBC1_V-11), cultured either alone or in combination with the best-secreting hPDGF-B (pBC1_P-11, 
V+P) or hSDF-1 (pBC1_S-11, V+S) strains, or with both (V+P+S), was evaluated based on their ability to 
stimulate vessel-loop formation in human endothelial cells. Conditioned media prepared with the 
recipient strains (UVM4, UVM11) served as negative control, while conditioned media containing 
specific concentrations of commercial, bacterially derived recombinant growth factors (hVEGF-165: 30 
ngml-1, hPDGF-B: 20 ngml-1, hSDF-1: 10 ngml-1) served as positive controls (Control). The results of 
three independent experiments were normalized to an internal experimental control using the AIM-V 
culture media alone and are therefore expressed as fold-change (fc). An example of the results 
obtained from digital image analysis illustrating the loops quantified for the positive control containing 
all three growth factors is shown at the bottom right of the panel. Statistical significance with regard 
to the negative controls (recipient strains) is shown, as are the significant differences observed 
between the experimental groups and expressed above each set of columns). Only significant 
differences between groups are specified: *p≤0.05, ** p≤0.01, **** p≤0.0001. The scale bar 





Upon stimulation with the culture supernatants, the formation of a high number of vessel 
loops was observed. This loop formation was not observed when using hVEGF-165 alone neither from 
algae (Fig. 18: pBC1_V-4, pBC1_V-11) or bacterial origin (Fig. 18: Control). This result proofs that this 
only growth factor does not have the angiogenic effect by its one and needs interaction with the other 
proteins to stimulates the cells for the new blood vessels formation.  
According to this, the synergic angiogenic effect was observed when the three recombinant 
proteins were stimulating the cells; significant differences were found when the vessel loops formed 
by the combination of the growth factors were compared to that formed by the recipient-strain 
controls (Fig. 18: UVM4, UVM11). 
Interestingly, significant differences to the negative controls were observed when pBC1_V-4 
was combined with pBC1_P-11 or pBC1_S-11 strains, even though no differences were observed 
between the pBC1-derived clones (pBC1_V-4 and pBC1_V-11) in the VEGFR-2 receptor activation assay 
(Fig. 9). Surprisingly, the combination of hVEGF-165 with hSDF-1 seemed to be more effective than 
hVEGF-165 and hPDGF-B, despite the low yields of the recombinant protein expressed by pBC1_S-11 
strain (Fig.12 D), it suggests that the hSDF-1 have more effect in the blood vessel formation due to its 
chemotactic activity.  
Therefore, with all these results, it has been demonstrated that by combining optimized transgenic C. 
reinhardtii strains expressing different proteins. It is possible to produce stable recombinant growth 







5.1. Genetic engineering of Chlamydomonas reinhardtii to express and secrete 
recombinant human growth factors involved in the wound healing process 
 
As mentioned before, our group has been developing the HULK concept for several years. This 
approach proposes the in situ delivery of oxygen into biomaterials through the incorporation of C. 
reinhardtii microalgae. Moreover, it has been proposed the genetic modification of the algae to make 
them capable of secreting human recombinant growth factors in situ (Centeno-Cerdas et al., 2018; 
Chavez et al., 2016; Hopfner et al., 2014; Schenck et al., 2015). Our previous results showed that C. 
reinhardtii could express and secrete functional recombinant growth factors. However, the differences 
between the recombinant protein yields obtained for different growth factors such as hVEGF-165, 
hPDGF-B, and hSDF-1 were significant. Furthermore, there are other essential proteins with wound 
healing properties such as TGF-β3, which could be added to the approach to increase the potential of 
our concept. With this in mind, in this work, we decided to incorporate the findings of three promising 
studies for high-efficient recombinant protein expression, in the search for the elements required for 
the development of an efficient C. reinhardtii recombinant protein expression platform (Fischer and 
Rochaix 2001; Lauersen et al., 2015b; Neupert et al., 2009). 
5.1.1. Desing of the C. reinhardtii expression system 
5.1.1.1 Comparing expression vectors pBC1 and pOpt. 
First, the efficiency of the pBC1 and pOpt vector systems for nuclear transgene expression 
created by the groups of Fischer and Rochaix, 2001 and Lauersen et al., 2015, respectively, was 
compared. These vectors were designed to allow the insertion of transgene coding sequences into 
expression cassettes, which differ in their nuclear promoters and respective regulatory signals. Both 
constructs incorporated the aphVIII gene under the same hybrid promoter Hsp70A and RBCS2-i 
elements, as the paromomycin is a commonly used antibiotic resistance for Chlamydomonas 
transgenic selection, and no differences in the number of clones obtained were observed between the 
two constructs (Table 8, 9 and 10). 
 
5.1.1.1.1. Transgene integration 
  
The results confirmed that the two vector cassettes pBC1 and pOpt can be used to insert 
foreign genes into the C. reinhardtii genome. However, the integration of the transgene did not occur 





integrate the human transgene, while with pBC1_V-11, 68% of the transformants did (Table 8). The 
integration percentages obtained for all other recombinant growth factors evaluated were slightly 
better than for hVEGF-165. For instance, pBC1_T-11 lead to a fraction of 67%, while pOpt_T-11 allowed 
85% of the transformants to integrate the transgene (Table 9).  Similarly, 72% of pBC1_P-11 clones had 
integrated hPDGF-B, and 77% of pBC1_S-11 clones had integrated hSDF-1 (Table 10).  Thus, in most of 
the cases, for these new strains expressing human growth factors, the rates for the transgene 
integration are higher than those reported by Neupert et al. 2009, where the rates for UVM4 and 
UVM11 strains were 53% and 50% respectively, using pBC1 vector. 
The copy number was evaluated only for the hVEGF-165 sequence. The transgenes integration 
into the genome of C. reinhardtii seemed to have some influence on the expression level of the 
transgenes. In almost all the samples, a single copy of the gene was found, only in pOpt_Vs-11, two 
copies were observed (Fig. 6B), which is one of the poorest expressing clones (Fig. 8). In this regard, 
Potvin and Zhang have proposed that multiple gene integration is associated with low levels of 
transgene expression (Reviewed by Potvin and Zhang 2010a). Additionally, Barahimipour confirmed 
that the best performing clones for p24 cassette were those who only have a single copy of the 
transgene (Barahimipour et al., 2016a). 
 
5.1.1.1.2. Transgene design 
Significant differences in the transgene transcription rates were observed between the hVEGF-
165 generated strains. Even though the heterologous human gene VEGF-165 sequence was optimized 
for C. reinhardtii, to prevent rarely used codons and match the GC-content of the algal-genome 
(Fuhrmann et al., 1999), and that the same transgene-sequence was inserted into the respective pBC1- 
and pOpt- expression-cassettes.  The results showed that the pBC1_V-11 clone outperformed all other 
pOpt-derived clones in terms of transcript accumulation (Fig. 7). 
Interestingly, both expression vectors incorporated strong constitutive promoters. In the 
pBC1- vector, the PsaD promoter, first reported by Fischer and Rochaix (2001), is included; this 
promotor regulates an intron-less single open-reading frame gene coding for a 21.3 kDa protein 
composed of 196 amino acids. Meanwhile, the pOpt- vector include, the fusion promoter HSP70A-
RBCS2, created by Schroda (2000) to drive nuclear transgene expression in C. reinhardtii; this fusion 
promoter is composed of the HSP70A promotor and the RBCS2 promotor. HSP70A is a 70kDa high 
protein made of 800 amino acids, and RBCS2, is a 185 amino acid long 20.6 kDa protein coded in four 
exons. When the HSP70A promoter is located upstream of the RbcS2, the HSP70A works as a 
transcriptional activator (Schroda et al., 2000). Nevertheless, according to the results, the pBC1-vector 
showed better performance no matter which protein (hVEGF-165 or hTGF-B3) was expressed under 





Some strategies have been suggested to increase transcript maturation and export from the 
nucleus to potentiate the efficiency of transgene expression. For instance, Lumbreras et al. 1998 
postulated the idea of introducing introns from a native gene to improve the expression in C. 
reinhardtii. Since then, researchers have tried to develop strategies to incorporate introns to the 
expression cassettes or in the coding region (Eichler-Stahlberg et al., 2009; Mussgnug 2015). In this 
regard, the two expression vectors used in this work had different approaches. 
In the PsaD promoter used in the pBC1 vector, all the regulatory elements required to the high 
expression levels of recombinant proteins should lie in the flanking promoter and untranslated region 
(Fischer and Rochaix 2001). On the other hand, in the second version of the pOpt-vector, used in this 
thesis, all the reporter transgenes inserted were interrupted by a sequence corresponding to the 
second intron of RBCS2 (i2) (Fig. 4) to drive efficient transgene expression (Lauersen et al., 2015b). 
Furthermore, it has been described that the differences between the cDNA design and the use 
of exon-intron structure could contribute to the transgene expression in Chlamydomonas (Eichler-
Stahlberg et al., 2009; Molino et al., 2018; Ramos-Martinez et al., 2017).  In this study, the proteins 
encoded by endogenous genes from the promoters differ in the exon-intron structure, RBCS contains 
four exons, while PsaD is an intron-less gene. Since the hVEGF-165 transgene is derived from a full-
length intron-less cDNA, this could explain that the pBC1 system has shown the best performance, as 
it resembles the architecture of the original gene. However, the results for hTGF-β3 transgene did not 
show that good performance, compared to hVEGF-165, which suggests other aspects besides the 
intron-less cDNA sequence will take part in the expression of this recombinant protein, and this will be 
analyzed in detail further in this thesis. 
The results showed that the best transgenic expression yields were obtained with the pBC1-
construct, where the intron insertion was not required for hVEGF-165 expression (Fig. 8); this suggests 
that this particular coding sequence does not need introns to enhance transcription. Nevertheless, for 
the other angiogenic growth factors (hTGF-β3, hPDGF-B, hSDF-1), low protein yields were obtained 
compared to hVEGF-165. Then for experiments, it may be interesting to improve the transgene 
expression, including one intron following the consensus splicing sequence of C. reinhardtii, such as 
Eichler-Stahlberg et al. did for erythropoietin expression (Eichler-Stahlberg et al., 2009). Additionally, 
a recent study developed by Jaeger et al. could be implemented with this purpose. They created a new 
promising tool to improve nuclear transgene expression. The Intronserter is a bioinformatic tool, and 
it was designed to identify the correct position to insert introns into the target sequence. Hence, the 
systematic insertion of the first intron of C. reinhardtii ribulose-1,5-biphosphate 
carboxylase/oxygenase small subunit 2 (RBCS2i1) through larger transgenes, it has been demonstrated 
that improves the nuclear transgene expression 5.5 fold over eight other endogenous introns (Jaeger 






5.1.1.1.3. Secretory signals 
The secretion of the expressed proteins into the culture medium is a desirable feature for 
recombinant protein production. C. reinhardtii is a eukaryotic organism that can secrete properly 
glycosylated proteins into the extracellular space when the transgene is nuclear-encoded. This 
characteristic is essential for the biopharmaceutical production since both O- and N- glycosylations are 
required for the biological activity and stability of the secreted recombinant protein (Mathieu-Rivet et 
al., 2017). 
For the HULK concept, the secretion of the human angiogenic growth factors is crucial since 
this would allow the direct delivery of bioactive molecules into the wound. In this work, two different 
peptide signals for the secretion of the expressed proteins were compared, the signal peptide of the 
arylsulfatase 2 (ARS2) in the pBC1 vector and the carbonyl anhydrase (cCA1) in the pOpt vector.  
The signal peptide of ARS2 is a 24 amino acid sequence first reported by Eichler-Stahlberg et 
al. 2009 that has been shown to enable the efficient secretion of 65% of the total luciferase activity to 
the culture supernatant. The signal peptide cCA1 is a 20 amino acid sequence which has been used to 
test the secretion of different reporter fluorescent proteins (Lauersen et al., 2013a; Lauersen et al., 
2015a; Lauersen et al., 2015b). 
For hVEGF-165 and hTGF-β3 proteins, both signal peptides led to good secretion results. The 
pOpt_VEGF-derived clones secreted 71 -81% of the protein and the pOpt_T-11 clone secreted 99.8% 
of the protein to the culture medium. Similarly, the pBC1_VEGF-derived clones secreted 89 – 91% of 
the protein, and for pBC1_T-11, almost all the protein was secreted to the culture medium (99.8%). In 
all cases, the secretion yields achieved were higher than previously described for ARS2 or cCA1.  
Eichler-Stahlberg et al. reported that cell wall deficient algae were able to successfully secrete 
approximately 65% of the total Renilla-luciferase activity and 60% of erythropoietin to the culture 
supernatant using the ARS2-sequence (Eichler-Stahlberg et al., 2009). Moreover, Lauersen et al. 
reported a secretion ratio of around 84% of the Gaussia luciferase (gLuc) when the cCA1 peptide was 
used as a secretory signal (Lauersen et al., 2015b).  
Therefore, the present work data suggest that the pBC1-derived clones performed better than 
the pOpt-derived clones in terms of secretion, especially for the hVEGF-165. These results would imply 
that the ARS2 and cCA1 secretory signals differ in their efficiency, which is contradictory to the results 
from Baier et al., 2018, where the cCA1 shows similar results compared to ARS1 and ARS2, but lower 
compared to the iron assimilatory protein (FEA2) secretory signal analyzed in their study (Baier et al., 
2018b). Nevertheless, regarding hTGF-β3 secretion efficiency, there was no difference between pOpt- 





On the other hand, hPDGF-B and hSDF-1, cloned into the pBC1-vector, did not show the same 
efficient secretion rates, even though the ARS2 secretory signal was in both cases was evaluated. For 
hPDGF-B, only 15% of the protein was secreted using from the UVM4-derived clone and 35% from the 
UVM11-derived clone. Similar results were obtained for hSDF-1, where the secretions rates were 12 % 
and 15 % for the UVM4-and UVM11-derived clones, respectively. The reason for this low secretion 
titers is still unclear. However, there are clear differences in the secretion rates between the four 
recombinant proteins studied in this thesis, which seems to be directly related to each transgene 
sequence.  Regarding this, Molino and co-workers have suggested that the inefficient cleavage of the 
signal peptide or an early self-cleaving might affect the protein secretion; they also have considered 
the possibility that some interferences among the amino-acid sequence could inhibit proper protein 
expression (Molino et al., 2018). 
Furthermore, despite several attempts to detect hPDGF-B or hSDF-1, only the secreted hVEGF-
165 was detected by immunoblotting. The main reason for this lack of detection could be explained by 
the low secretion levels of the two proteins. Meanwhile, for hVEGF-165 secretes 448pg  and 586.7 pg 
for each µg of total protein for pBC1_V-4 and pBC1_V-11 respectively (Fig. 8C), the highest secretion 
for hPDGF-B was achieved by pBC1_P-11 strain (32.9pg/µg Total protein), and for hSDF-1 (5.6 pg/µg 
Total protein) from the pBC1_S-11 strain (Fig. 16 B, E). For that reason, the hPDGF-B and hSDF-1 were 
detected by ELISA. García-Cisneros et al. reported a similar situation detecting Herpes simplex virus 
type 2 (HSV-2). They had reported only 36.3% when the samples were assessed by Western blot, 
compared to 97.0% of positives when the samples were analyzed using the ELISA test (García-Cisneros 
et al., 2019).  
Two recent studies reported novel strategies to promote a more efficient secretion of 
microalgae-based recombinant proteins, which could be implemented in the future to optimize the 
production and secretion of hPDGF-B and hSDF-1, or even hTGF-β3.  
In the first one, Ramos-Martinez et al. implemented a successful strategy to enhance secretion 
yields and the stability of recombinant proteins in plant cell cultures. This group showed that linking 
the metalloprotease gametolysin N-terminal signal sequence to the yellow fluorescent protein Venus, 
while fusing a synthetic glycosylated serine-proline tandem sequence into its C-terminus, improved its 
secretion yield by up to 12-fold (Ramos-Martinez et al., 2017).  
In the second one, Baier et al. investigated the use of C-terminal fusion proteins to enhance 
secretion. They first identified the secretion signal of iron assimilatory protein (FEA2) as the most 
effective in targeting the codon-optimized G. princeps luciferase (gLuc) into the extracellular space,  
when it was compared to cCA, ARS1, and ARS2. Then, they optimized the Lolium perenne ice-binding 





efficiency of the newly created expression cassette with the human epidermal growth factor (hEGF) 
and reported reaching a recombinant protein yield of 40 mg·L−1 (Baier et al., 2018a).  
The implementation of these two approaches to produce human growth factors from 
Chlamydomonas might increase the yields of these proteins. However, there might still be some 
unknown protein-specific effects antagonizing these possible results, which should be carefully 
analyzed. 
5.1.1.1.4. Peptide tags for purification 
Peptide tags may be added to the recombinant protein sequence to achieve straightforward 
isolation and purification of the recombinant proteins. Lauersen et al. reported the use of the Strep II 
tag in the 3’UTR of the gene of interest cassette in the pOpt vector to this end, with this, they achieved 
the recovery of four different fluorescence protein via Strep-Tactin chromatography. In this work, it 
was intended to use the Strep-tag (amino acid sequence: WSHPQFEK) as a purification strategy for the 
algal-derived hVEGF-165. Unfortunately, the transcription rates and the expression yield of pOpt_Vs- 
derived clones were negatively affected, and even the bioactivity of the recombinant protein could not 
be detected through Western Blot (Figs. 7, 8, 9). Therefore,  the usage of tags appears to reduce the 
secretion and the growth factor activity, especially in this case, for hVEGF-165. Similar results were 
observed previously, where the insertion of 6-His- and strep-tags affected the functionality of the 
fusion proteins (Crozet et al., 2018). 
 
5.1.1.2. Chlamydomonas reinhardtii host strains 
The foreign protein expression in C. reinhardtii depends on the transgene stability, which is 
related to a variety of epigenetic mechanisms, including transcriptional or post-transcriptional 
modifications, and they are involved in the silencing of the transgene expression (Leon-Banares et al., 
2004). The UVM strains were generated to solve silencing problems (Neupert et al., 2009). Then, in 
this thesis, two different mutant strains created and selected by Neupert et al., 2009 were compared 
as an attempt to find a better performing clone capable of produce higher amounts of recombinant 
growth factors than the ones our group previously reported. 
After comparing the performance of the obtained pBC1_V-4- and pBC1_V11-derived strains, it 
was concluded that the UVM11 derived strain outperformed the previously reported pBC1_V-4 
transgenic strain (Chavez et al., 2016). Then, the next logical step was to explore if this could be 
reproducible for the hPDGF-B and hSDF-1 expressing UVM4 strains previously created (Centeno-
Cerdas et al., 2018).  
Since the transformation of UVM4 and UVM11-strains occurred at different times, it is not 





between the strains. The transformation of the UVM11-strain with the pBC1_P and pBC1_S constructs 
led to more efficient strains with overall improved yields of recombinant protein (Fig. 16A, D), as well 
as happened for pBC1_V-11 (Fig. 8). However, remarkable differences were observed in the 
percentage of growth factor secreting clones obtained for each transgene (Table 10), where only a few 
clones of each construct (pBC1-P-11 and pBC1_S-11) reach high-expression yields of the proteins (Fig. 
14A, B).  The same situation has been shown by the clones expressing hVEGF-165 and hTGF-β3 (Fig. 5, 
10).   
Interestingly, most of the synthesized hPDGF-B and hSDF-1 were retained inside 
the Chlamydomonas cells (Fig. 16 B, C, E, F), which is the opposite of the results from the other two 
growth factors. This low secretion yields suggest that there might be a specific characteristic of each 
protein that affects the secretion. Nevertheless, the UVM11 strain always performed better than the 
UVM4 strain. 
Neupert et al. suggested that the alterations of the chromatin structure could be the reason 
for the enhanced transgene expression in the UVM-strains, but the exact molecular basis for this is 
unknown (Neupert et al., 2009). This chromatin alteration has been identified as a transcriptional gene 
silencing effect, which is mediated by DNA methylation (Kong et al., 2015; Leon-Banares et al., 2004). 
Moreover, Neupert et al. pointed out that mRNA instability, as well as inefficient translation, are also 
important determinants of transgene expression rates.  
The variety of the expression yields and the secretion rates shown by the recombinant proteins 
in this thesis agree with the argument exposed by the authors mentioned above. Meanwhile, the 
pBC1_V-11 and pBC1_T-11 clones have secreted the majority of the protein that they expressed  
(91.15% and 99.84%, respectively), regarding  pBC1_P-11 and pBC1_S-11 clones secreted significantly 
less protein (22 % and 24%, respectively).  These rates are closer to the numbers reported by  Kong et 
al.; they also reported a low percentage of protein secretion, where only 21.2% and 17.6% of the UVM4 
and UVM11 clones, respectively, were able to secrete squalene synthase (Kong et al., 2014). One 
possible explanation would be that the gene silencing mechanism in the UVM strains does not work 
uniformly for each clone or construct, even though Neupert et al. reported that all their clones 
accumulate high protein levels (Neupert et al., 2009). It makes sense to suspect that the transcription 
repression acts differently for each transgene, or the location of each mRNA in the genomic region 
interferes in the transcription levels.    
As a possible outlook, a recent study attempted to implement Neupert’s UV-induced 
mutagenesis strategy to create expression-efficient strains from DNA methyltransferase deficient C. 
reinhardtii-mutants (Kurniasih et al., 2016). They reported a ratio of almost 74% highly expressing 





suggests the creation of a more robust transgene expressing strain, and another possibility to obtain 
highly hPDGF-B and hSDF-1 expressing strains. 
 
5.1.2. C. reinhardtii expressing hTGF-β3 
A particular analysis is required for the new strains expressing hTGF-β3. Since the pBC1_T and 
pOpt_T constructs have shown remarkable differences in the percentage of secreting clones, only  1.6 
and 0.6% respectively of the clones, have secreted hTGF-B3 (Table 9) compared to the other growth 
factors (Tables 8, 10), and a deficient number of high-expressing clones was obtained (Fig. 10C, D). 
Although the secretion yield from recombinant hTGF-β3 was high (around 99% for both 
expression vectors)(Fig. 12C), the amount of protein in the supernatant was deficient, just 12pg hTGF-
β3/µg Total Protein (Fig. 12B). This result suggests that the proper assembly and production of hTGF-
β3 from C. reinhardtii is still a challenge. This trouble may be related to the fact that a very complex 
mechanism is needed for a complete functional assembly of the human protein TGF-β-family. The 
mechanism is a multistage process controlled by several enzymes and proteins to synthesize the 
mature and functional TGF-β homodimer, which is possible could not be correctly suited by the algae 
to produce human proteins (Poniatowski et al., 2015).    
Lastly, the biological function of recombinant hTGF-β3 could not be demonstrated (Fig. 13). 
Since, for both algal-derived recombinant proteins, as well as the negative and positive controls, the 
results showed no different significant values that allowed any conclusion about the phosphorylation 
activity of the recombinant hTGF-β3. One possible explanation for this observation is the basal activity 
of the Smad2 receptors in the 3T3 cells, which is quite constant as it has been demonstrated for other 
receptors such as eukaryotic initiation factor 4E or mitogen-activated protein kinase, and thus,  it does 
not enable to show the protein bio-functionality (Scheper et al., 2001). In order to circumvent this 
problem, the synergic effect of the Connective-tissue growth factor (CTGF) on the phosphorylation of 
the Smad2 receptor could be implemented. It has been demonstrated that CTGF enhances the TGF-β 
receptor (Reviewed by Gressner and Gressner 2008). 
 
5.1.3. C. reinhardtii as a platform of pro-angiogenic proteins expression   
The results showed that the rates of recombinant protein expression rates differed for each 
transgene (hVEGF-165, hTGF-β3, hPDGF-B, hSDF-1), transformation construct (pBC1 and pOpt), and 






5.1.3.1. mRNA accumulation and protein expression 
The mRNA accumulation was evaluated for hVEGF-165 by Northern blot (Fig.7). When this 
protein was transcripted by the pOpt expression vector, the transgenes were controlled by the same 
promoter and regulatory elements; the only difference was the strep-tag in the 3'UTR. The mRNA 
accumulation and protein expression of hVEGF-165 in the C. reinhardtii was not always the same. 
However, it was tightly correlated with each other, except for pOpt_Vs-11, this clone has shown a 
reduced mRNA accumulation, which was consistent with the lowest result for protein expression and 
secretion observed from this construct. On the other hand, when the pBC1 expression vector was the 
platform to express hVEGF-165 from C. reinhardtii, the pBC1_V-11 had the highest values in both cases, 
transcript accumulation and protein expression (Fig. 7, 8). Barahimipour et al. observed the same 
situation. They found a correlation between the protein accumulation and the mRNA abundance, and 
have observed different mRNA accumulation of the CrP24 gene in UVM11 and Elow47 strains. They 
suggested that those differences in mRNA accumulations can be a consequence of the different 
ribosome coverage of the transcripts (Barahimipour et al., 2016a).  
Additionally, the mRNA stability or inefficient translation has been related to codon usage, and 
due to the high GC content of the C. reinhardtii nuclear genome, the codon optimization is crucial in 
the transgene expression. Since the same codon-optimized hVEGF-165, hTGF-β3, hPDGF-B, and hSDF-
1 sequences were cloned into the UVM4 or UVM11 strains, it makes sense to assume that the 
expression differences observed in this thesis, might be influenced by epigenetic differences in the 
chromatin status, after the incorporation of the transgenes into the nuclear genome as it was 
mentioned before regarding these UV mutants (reviewed by Barahimipour et al., 2015).  
 
5.1.3.2 Glycosylation in C. reinhardtii and its influence in the bio-functionality of the proteins 
The glycosylation is an essential characteristic for biopharmaceutical products because it is a 
critical factor to their stability, half-life, and biological activity. Considering that the enzymes involved 
in the post-translational modification, are localized in the endoplasmic reticulum and the Golgi 
apparatus, then the expressed proteins in C. reinhardtii must travel through these organelles to be 
glycosylated (Mathieu-Rivet et al., 2017; Ramos-Martinez et al., 2017).  
The high secretion of recombinant hVEGF-165 compared to the other angiogenic growth 
factors produced (hPDGF-B and hSDF-1) in C. reinhardtii, might be explained by the post-translational 
of each protein. Meanwhile, VEGF is an N-glycosylated protein (Kang et al., 2013), PDGF-B is mostly O-
glycosylated (Dai et al., 2015) and SDF-1 can show N- or O-glycosylation (Drury et al., 2011). In 
eukaryotic cells, the most common post-translational modification is N-glycosylation. However, 





C. reinhardtii in comparison with those from humans (Mathieu-Rivet et al., 2013), which can be a 
problem for the therapeutic protein production in this alga or the functionality of the protein.  
Additionally, even though an improvement of recombinant hPDGF-B and hSDF-1 synthesis in 
UVM11-derived clones was observed compared to the previously reported (Fig. 16 A, D), the secretion 
rates were not as high as for recombinant hVEGF-165 (Fig. 8D). These differences in secretion yields 
besides the glycosylation might be explained by the proteolytic activity of the enzymes in the 
Chlamydomonas cytosol. Potvin and Zhang have argued that these proteolytic enzymes may lead to 
the degradation of foreign proteins after synthesis or interfere in the proper folding and post-
translational modification (Potvin and Zhang 2010a).   
Furthermore, the glycosylation is directly related to the proper folding and the correct 
formation of disulfide bonds in the proteins. This characteristic is essential for the biological activity of 
biopharmaceutical production (Walsh & Jefferis, 2006).  
VEGF is a homodimeric glycoprotein, and the covalent dimerization of this protein is required 
for binding to its receptor and biological activity (Kang et al., 2013).  The pBC1_V4 and pBC1_V11 clones 
had shown no differences with the biological activity from the commercially available hVEGF-165; 
these results suggest the both UVM4 and UVM11 derived clones can do the proper folding and 
glycosylation for this protein. The same situation was observed for hSDF-1; the biological activity of 
both clones was similar to the commercially available (Fig. 17B). In physiological conditions, SDF-1 
exists as dimer and monomer in equilibrium (Holmes et al., 2001), the function of mono- and dimeric 
glycoprotein SDF-1 is related to the cell migration (Drury et al., 2011). Interestingly, in the case of 
hPDGF-B, a significantly increased bioactivity was observed in the pBC1_P11 clone (Fig 17A). PDGF is a 
dimeric protein, that can be assembled as homo- and heterodimers of disulfide-bonded A- and B-
polypeptide chains, because of that, PDGF can bind two receptors simultaneously and then form a 
bridge between the receptors, which is required for its biological activity (Heldin & Westermark, 1999).
 Therefore, future research must include a detailed analysis of the secreted angiogenic growth 
factors by mass spectroscopy to understand its structures better and might evaluate which glycan 
structures should be added to increase the protein accumulation in C. reinhardtii. 
 
5.2. Synergic effect of  human growth factors in  angiogenesis 
 
The angiogenic capacity of the combination of three recombinant growth factors was 
evaluated based on their potential to induce the formation of a new vascular network from pre-existing 
blood vessels in an in vitro angiogenesis assay. This essay attempts to emulate the effect of the growth 
factor gradient induced on endothelial cells upon an injury and evaluate their capacity to form vessel 





required for angiogenesis; first, the endothelial cell should elongate itself for tube formation, and 
second, the tube-vessel anastomosis, which is formed by the fusion of sprouts or when two tip cells or 
one tip cell and stalk cell get in contact (Bazmara et al., 2015). 
By treating HUVECs with different combinations of hVEGF-165, hPDGF-B, and hSDF-1 secreted 
by C. reinhardtii, a synergic effect of the three recombinant growth factors was observed (Fig. 17). 
Interestingly, the highest number of vessel loops was observed when the three were used to stimulate 
the cells. The number of loops had shown an increase of 2 fold when the cells were stimulated with 
the triplet derived  Chlamydomonas growth factors, compared to loops observed after the single 
stimulation with hVEGF. The same behavior was observed when the HUVECs were stimulated with the 
commercially available growth factors. These results had demonstrated the feasibility of producing 
biofunctional human growth factors from C. reinhardtii, similar to the commercially available proteins, 
which can increase blood vessel formation. This effect was partially described before by Bai et al., 
where tube formation upon dual delivery of commercially available VEGF, fibroblast growth factor 
(FGF), and PDGF observed an increase of 2 fold in the total tubular length. In contrast, the single 
delivery of any of these proteins did not show a significant increase in the total tubular length (Bai et 
al., 2018).   
As mentioned before, the HULK concept aims to deliver oxygen and growth factors in situ to improve 
wound healing. According to this idea, the results from the present work are one step toward achieving 
this goal. This thesis could have a significant impact on translational medicine since it would be possible 
to combine transgenic C. reinhardtii strains to produce growth factors that stimulate specific cellular 
processes by single delivery or multiple combinations besides oxygen supply. Even more ambitious, 
prepare a cocktail of growth factors, according to the needs of the patient, once a full-set of transgenic 
algae strains for every therapeutic peptide in the market is established. Moreover, this could also be 
implemented in combination with biomaterials, which has been shown to lead to promising results. 
For instance, Lai et al., designed a scaffold with nanofibers to release first hFGF and endothelial growth 
factor (EGF) and later VEGF and SDF, to accelerate wound closure and enhance maturation of newly 






5.3. Conclusion and future perspectives 
 
The optimization of foreign gene expression from the nuclear genome in C. reinhardtii has been 
a focus of research for several years. In this regard, parallel efforts have contributed to enhancing 
heterologous protein synthesis and secretion in this alga by understanding the main drawbacks and 
developing strategies and tools that are related to them.  
Along with this research line, this thesis aimed to find an optimized strategy that would lead 
to the creation of highly efficient algal strains, which could be used to expand the catalog of available 
algal-derived pro-angiogenic recombinant growth factors. For this, two different expression vectors, 
in combination with two different strains, were screened to find a combination that led to the highest 
protein yields. 
 The results obtained showed that the vector pBC1 and the strain UVM11 led to the most 
efficient levels of transgene expression and protein synthesis, yet, this was not equally significant for 
all GFs. Thus, an understanding of the requirements that guarantee high recombinant protein 
expression remains to be achieved. However, despite the low yields recovered from hTGF-β3, hPDGF-
B, and hSDF-1, the synergic effect of the recombinant proteins expressed by C. reinhardtii 
demonstrated their angiogenic capacity. This finding strongly supports the future implementation of 
photosynthetic microalgae derived pharmaceuticals to treat chronic-wound healing, once it is possible 
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